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Abstract: This paper reports a sustainable and novel approach (i. e., grenew pellets with zero coke) in iron 
and steelmaking process, which substitutes non-renewable carbonaceous resources with waste polymeric 
materials. At high temperature environment of iron and steel making, polymers are transformed to high calorific 
gases and residual carbon, depending on their chemical composition, molecular structures and bond types.  
Based on the nature of the gases released and the structure of residual carbon, such waste materials can fulfil 
different purposes in ironmaking. In this work, using waste CD and bakelite, grenew pellets with zero coke were 
made and their performance in reduction of iron oxide and carburization of iron at 1550oC was investigated. It 
was shown that, using grenew pellets, conversion of iron oxide to metallic iron and iron oxide/silica to 
ferrosilicon alloy can be achieved in a short time. Carbon dissolution into iron from grenew pellet was also 
measured.  
 
1. Introduction 
 
 
Iron and steelmaking industry is one of the most 
energy-intensive industries in the world [1]. The 
main processes which consume enormous 
amounts of energy in such industry are reduction 
of iron ore and carburization of reduced iron at 
high temperatures. The average energy 
consumption in the iron and steel industry is 
about 10% of the national gross energy 
consumption in countries such as China [2].  
 
Nearly 70% of total energy required in iron and 
steelmaking industry is covered by coal-based 
thermal power stations [3].  In 2013, around 7.8 
billion tonnes of coal was produced globally of 
which almost 15% was utilized only by iron and 
steelmaking industry (World Coal Association, 
2014). With increasing annual demand for steel 
worldwide, steel production is expected to reach 
~2.2 billion tonnes of crude steel in 2050 from 
~1.4 billion tonnes in 2010. With ever increasing 
demand for steel, leading to use of more and 
more coking coal for its production, there is a 
risk of complete depletion of coal reserves. 
Owing to its reliance on carbon based fuel and 
reductant, iron and steelmaking industry is one 
of the largest industrial sources of CO2 emission, 
accounting for ~27% of global CO2 emissions 
from the manufacturing sector [1]. The rapid 
depletion of natural resources, as well as intense 
commercial pressures worldwide to reduce CO2 
emission, are driving iron and steelmaking 
industries to seek new ways to reduce their 
dependence on coal and replace raw material fuel 
with alternative carbon sources while lowering 
CO2 emissions and reducing carbon footprint 
without seriously affecting the process 
efficiency. In recent years, there has been 
considerable effort towards developing 
alternative ironmaking routes to pass the 
rigorous environmental regulations and to avoid 
large capital costs by using alternative carbon 
sources which are capable of performing all the 
functions of coke [1].  
 
 
Waste polymers and plastics could be considered 
as valuable resources in ironmaking to reduce 
their dependency on traditional non-renewable 
carbonaceous resources such as coal. Waste 
stockpiles of polymeric and plastic materials are 
accumulating at a rapidly increasing rate 
worldwide, reflecting the pace of economic 
activity, shorter replacement cycles for goods 
and infrastructure and the increasing intensity of 
global trade and transportation. The global 
consumption of plastics is fast approaching 100 
million tonnes per year, of which only a small 
fraction is currently recycled [4]. Such waste 
materials consist mainly of carbon and hydrogen; 
elements vital in the metallurgical industries due 
to their role as reductants/carburizers.  
 
 
As a valuable source of both carbon and 
hydrogen; these could potentially be used for the 
reduction of iron oxide and could play an 
important role as a fuel/carbon resource for iron 
and steelmaking [5-8].  
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Depending on the type of polymers, during 
exposure to the high temperature they will 
produce either significant quantities of residual 
carbon or high level of volatile release. 
Thermoplastics such as Polyvinylchloride 
(PVC), Polyethylene (PE), Polypropylene (PP) 
and Polystyrene produce low yield of pyrolysis 
residue (9%, 1.8%, 1.6% and 0.6% at 740oC, 
respectively) and high rates of volatile release. In 
contrast, thermoset plastics are expected to 
produce significant quantities of residual carbon 
and relatively lower levels of volatile release. 
Significant amounts of residual carbon results in 
higher degree of reduction and carburization 
while high level of reducing gas emission can be 
considered as energy. 
In this paper a sustainable alternative ironmaking 
route is suggested in which grenew pellets 
consisting of waste plastics with zero coke/coal 
is used for reduction of iron oxide and 
carburization of iron. The novel process reported 
here opens up a sustainable approach for 
replacing non-renewable carbonaceous resources 
with waste materials in iron and steelmaking 
which decreases the consumption of raw 
materials fuel, reducing emissions and, at the 
same time, potentially reducing the volumes of 
globally significant waste discarded into the 
environment. Waste CD and bakelite were used 
as carbon sources and their thermal degradation 
and structural evolution and high temperature 
reduction of iron oxide and carburization of iron 
were investigated.  
2. Materials and experimental procedure 
Waste CD: Waste CDs consist of a 
polycarbonate (PC) disc body (~95 wt %) coated 
with a dye and reflective layers of aluminum on 
outer surfaces. Waste CDs were buffed to 
remove the dye and reflective layers and then 
soaked in nitric acid for 10 minutes and washed 
with ethanol to remove all residual impurities. 
Bakelite: bakelite is a 3-dimensional cross-linked 
network structured thermoset polymer with high 
hardness, rigidity along with good thermal and 
electrical insulating properties. Commercial 
waste bakelite also contains significant levels (up 
to 30%) of CaCO3 as filler [2]. Chemical 
composition of bakelite was determined using 
XRF and results are shown in Table 1. 
3. Results and discussions 
3.1 Characterization of waste CD and 
Bakelite  
The thermal degradation behavior of the waste 
CD was studied by thermogravimetric analysis 
(TGA); samples were heated from room 
temperature to 1550oC at heating rate of 
10oC/min under nitrogen purge of 20 ml.min-1.  
The result in Figure 1, shows only one 
degradation   step starting around   550oC.    The 
Table 1 a) Proximate analysis of raw bakelite and b) 
chemical composition of ash in bakelite 
 
(a) Fixed carbon Moisture Volatiles Ash 
31.7 3.0 47.5 17.8 
 
(b) CaO ash SiO2 ash SO3 ash 
94.9 5.1 0.3 
 
 
 
 
Figure 1 (a) TGA/DTG curve of waste CD 
degradation and (b) XRD spectrum of residual char[9] 
waste CD continued to degrade until 600C was 
reached. Char yield decreased from 26% to 19% 
when the pyrolysis temperature increased from 
550 to 1550 °C. According to LECO analysis, 
the remaining material was composed of ~90 
wt% carbon.  
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The rapid pyrolysis of waste CDs was carried out 
at atmospheric pressure in hot tubular furnace 
(100 cm length × 5 cm diameter) under argon 
purge (1 L.min-1) in the temperature range of 
(550°C to 1550°C) for 20 minutes. The structural 
ordering of the residual material was investigated 
using X-ray diffraction pattern.   
 
 
 
Figure 2 a) TG/DTG curve of bakelite degradation b) 
and b) XRD spectrum of residual char [3] 
The X-ray diffraction spectra of the waste CD 
residue after thermal transformation showed two 
peaks over the examined range (10-80°), which 
correspond to the diffuse graphite (002) and 
(100) peaks in low and high 2θ regions, 
respectively. Other secondary peaks can be seen 
at around 43
o which could be assigned to the 
(001) graphite plane. As the pyrolysis holding 
time increased from 5 seconds to 20 minutes, the 
background intensities of the spectra of the waste 
CD residue became weaker and the (002) peaks 
became more symmetrical and sharper. Therefore, 
the disorder in parallel orientation is expected to 
be more in lower temperature chars. The inter-
planar spacing of two crystal lattices in chars 
decreased from 0.5 nm at 550°C to 3.1 nm at 
1550°C, indicating increase in crystallinity as 
pyrolysis temperature increases. 
The thermal degradation behavior of the bakelite 
was also carried out using TGA from room 
temperature to 1300oC at heating rate of 
10oC/min. The TGA graph (Figure 2 a) shows 
the weight loss due to thermal decomposition of 
bakelite and calcium carbonate. The TGA plot 
showed significant levels of residual char at 
800°C; not much change was observed at higher 
temperatures. The DTG curve primarily showed 
two maxima’s (350°C and 452°C) that 
correspond to the thermal degradation of 
bakelite; weight losses in the temperature range 
600–800°C are attributed to the degradation of 
both bakelite and calcium carbonate. 
 
The structural ordering of bakelite upon heat 
treatment at temperature in the range 350-
1450°C was investigated by X-ray diffraction. 
X-ray diffraction spectrum of residual char in the 
temperature range 350-1300°C (Figure 2b) 
shows that thermal decomposition of CaCO3 
started at 750oC as small peaks of CaO appeared 
at this temperature.  The decomposition of 
CaCO3 reached completion at 1150°C, at which 
diffraction peaks of Ca2SiO4 and graphitic 
carbon were also observed. The heat treatment at 
1300°C produced a much stronger carbon peak 
and additional peaks for Ca2SiO4, CaO and 
CaC2. The diffraction pattern at 1450°C showed 
most of these impurity peaks; the carbon peak 
however showed a significant increase in 
intensity. 
 
3.2 Grenew pellets for reduction of iron 
oxide  
 
Bakelite was used as reductant in preparing 
grenew pellet with zero coke and its performance 
on the reduction of iron oxide was investigated. 
Bakelite’s char (at 1550oC) was ground in a 
mortar to a fine powder with particle size smaller 
than 125 µm. Fine hematite powder was used as 
iron oxide source along with bentonite as a 
binder. Powders of bakelite, hematite and 
bentonite were subsequently mixed (69 wt. % 
hematite, 25 wt. % char and 6 wt% binder) and 
from the resulting mixture, grenew pellets were 
made manually. Reduction experiment was 
carried out at atmospheric pressure in hot tubular 
furnace (100 cm length × 5 cm diameter) under 
argon purge (1 L.min-1) in the temperature range 
of (550°C to 1550°C) for 20 minutes. 
 
X-ray diffraction analysis of the staring hematite 
and resulting powder after reduction was carried 
out, and results are shown in Figure 3a and b 
respectively. As can be seen from Figure 3, iron 
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oxide peaks completely converted to metallic 
iron after 20 minutes reduction, indicating a fast 
reduction of iron oxide occurred in grenew pellet 
made of bakelite. The degree of metallization of 
reduced grenew pellets was determined based on 
the mass of the metal products which was 90.12 %. 
The carbon content of reduced metal diffused from 
grenew pellet was measured using LECO analyser 
and found to be 2.01 wt. %.  
 
 
 
Figure 3 XRD pattern of a) raw hematite b) reduced 
pellet [3] 
3.3 Grenew pellets for reduction of iron oxide 
and silica 
Waste glass with 70 wt. % silica content (and 
other oxides) and hematite were used as silica 
and iron oxide sources, respectively. Bakelite 
was used a source of carbon for reduction of iron 
oxide and silica.  For preparing grenew pellets, 
waste glass and bakelite were pulverized using a 
ring mill. Equal amount of silica in glass and 
iron oxide (Fe2O3) were mixed and amount of 
bakelite added was less than stoichiometric 
amount to reduce the yield of SiC. All the 
reactants were subsequently mixed and 
transferred into grenew pellets by hand pressing 
using water. Pellets were dried in an oven for 12 
hours at 90oC. Reduction experiment was carried 
out at atmospheric pressure in hot tubular 
furnace (100 cm length × 5 cm diameter) under 
argon purge (1 L.min-1) in the temperature range of 
(550°C to 1550°C) for different times. 
 
 
 
 
Figure 4 a) Variation of CO, CO2, and CH4 gas 
concentrations during reduction, b) % of reduction 
extent in terms of total oxygen removal during 
synthesis of ferrosilicon alloy as a function of time, c) 
XRD patterns of reduced pellet [10] 
Figure 4a shows the CO, CO2 and CH4 gases 
concentration generated over time. Within 
2.5 minutes CO2 and CH4 gases releases tend to 
zero but CO gas release shows a sharp rise, then 
drops gradually and reaches nearly zero within 
15 min. Figure 4b shows the isothermal 
reduction curve at 1550 °C which indicates 
initially the reduction rate was fast i.e. up to 
8 minutes, and later reduction rate became 
slower and almost stable. After 8 minutes of 
reduction time, the product ferrosilicon alloy is 
clearly seen; during the reduction process the 
amount of silicon increased with time in alloy. 
X-ray diffraction spectrum of reduced pellet is 
shown in Figure 4c.  
 
 5 
 
Figure 4c shows XRD patterns of reduced 
sample at different reaction times. In 2 minutes 
reaction, iron phase is detected along with solute 
carbon and un-reacted silica is also observed. 
The cubic Fe3Si phase starts to evolve and is 
observed in XRD after 4 minutes of reaction 
time and carbon peak is also seen. The evolution 
of ferrosilicon alloy was not clearly visible at 4 
minutes, but at 8 min the alloy was clearly 
distinguished from the slag. However, from 8 to 
25 minutes reduction time, the alloy shows 
mainly (220) and (422) peaks of cubic Fe3Si 
(gupeiite) phase. No other compounds and 
element peaks were detected, indicating that 
sample was appropriately alloyed. 
3.4 Grenew pellet for carburization 
The dissolution of carbon into iron is a key step 
in iron and steelmaking process. To prepare 
grenew pellets, 1 gram of waste CD char 
obtained at 1550oC was put in a die and 
compacted under a load of 50 KN using a 
hydraulic press. Carbon dissolution experiment 
was carried out in hot tubular furnace under 
argon purge (1 L.min-1) at 1550oC for different 
times. The compacted grenew pellet was placed 
on a graphite sample holder and then 0.5 g of 
99.98 % pure electrolytic iron was placed on top 
of that. This assembly was placed in the hot zone 
for predefined experimental time period for 
investigating the carburization behavior (45, 60, 
90, 120, 600 and 900 sec). Charge-coupled 
device (CCD) camera along with video recorder 
was used to observe the melting/reaction 
behavior of metal droplet; the melting of iron 
was marked as beginning of the reaction time. 
Carburized iron droplet was collected, its surface 
was cleaned with ethanol to remove any 
undissolved carbonaceous particles; the carbon 
pickup by the metal droplets was measured using 
LECO-CS-230 carbon and sulfur analyzer. 
Figure 5 shows the dissolution of carbon from 
grenew pellet made of waste CD char at 1550 °C 
as function of time; the pickup was very rapid 
during the initial contact reaching 3.66 % within 
1 minute. The rate slowed down after that and 
the total carbon level in molten iron reached a 
value of 4.62 wt% after 15 minutes of contact. 
The first order rate constant for carbon 
dissolution was obtained using following 
equations [12]. 
)(
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Figure 5 a) Variations in carbon pickup from PC char 
by molten iron at 1550 oC with time b) Plot of ln ((Cs 
– Ct)/(Cs – Co)) vs time for first 2 minutes [11]. 
Where, Cs and Ct respectively represent the 
saturation solubility and carbon concentration 
(wt%) in liquid iron as a function of time t, and 
k´ is the first order rate constant (m . s-1). A, V 
are respectively the interfacial area of contact 
and the liquid iron droplet volume. Co is the 
initial carbon concentration in liquid metal (wt 
%), as 99.98 % electrolytic pure iron was used 
for all experiments, hence the value of Co is set 
to zero. Overall carbon dissolution rate constant, 
K=Ak/V was measured from the negative slope 
of ln ((Cs – Ct)/(Cs–Co)) versus time plot for all 
carbonaceous materials. The variation in carbon 
pickup by liquid iron as a function of time and 
their respective plot for ln ((Cs – Ct)/(Cs – Co)) 
versus time are shown in Figure 5a  and b. The 
level of carbon pick up from PC char was 4.62 
wt% after 15 minutes of contact time. This value 
is higher than that observed for coal chars (~3 
wt%) [13]  and from various cokes (~4 wt%) [14, 15] 
over a similar period of time. The overall carbon 
dissolution rate constant for PC Char was 
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determined to be 19.2 x 10-3 s-1 during the initial 
period of 2 minutes. 
4. Conclusions  
This work aimed to show the possibility of using 
grenew pellets with zero coke in iron-making 
process (i.e., reduction of iron oxide and 
carburization). Waste CD and bakelite were used 
as carbon sources and their performance as 
reductant and carburizer were investigated. 
Using grenew pellets made of bakelite, complete 
conversion of iron oxide to metallic iron and iron 
oxide and silica to ferrosilicon alloy at 1550oC 
was confirmed.  
Pyrolysis of waste CDs produced  ~19 wt% char 
residue which was rich in carbon (~89 %C) and 
significantly higher than the typical yields from 
polymers including PVC, PS, PE, PP, LDPE and 
HDPE.  Carbon dissolution from grenew pellet 
made of waste CD char was measured. The 
overall carbon dissolution rate constant (K) was 
determined to be 19.2 x 10-3 s-1 and a carbon 
pickup of 4.12 %C was observed within initial 2 
minutes which reached to 4.62 % C after 15 
minutes of reaction.    
End-of-life polymeric products as rich sources of 
carbon are beneficial in iron and steelmaking 
processes. By using heat treatment technique, 
waste polymeric materials are transformed into 
high calorific gases, the main product, and 
residual carbon. Depending on the chemical 
composition, molecular structures and bond 
types, the performance of polymers will vary in 
terms of the generation of beneficial gases and 
residual carbon. Based on the generation rate and 
the nature of the gases released -- and also the 
structure of residual carbon generated during the 
process of heat treatment -- waste polymeric 
materials can be applied to fulfil different 
purposes in iron and steelmaking processes. 
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Abstract: Ladle refining of liquid steel is of fundamental importance to get the right alloy composition, low 
impurity levels as well as for obtaining the required slag cleanliness in the final product. In the present paper 
some critical factors to obtain the forecasted result are discussed. Special emphasis is put on deoxidation 
equilibria, degassing and reoxidation reactions. The conclusion is that although the reaction system from outside 
looks quite simple, the process is very complex and many factors have to be taken into consideration to fully 
understand the end result and to optimize the process.  
Keywords: Steel-making, ladle treatment, deoxidation, vacuum degassing. 
1. Introduction 
Ladle refining of liquid steel is of crucial 
importance to get the right alloy composition and 
low impurity levels as well as for obtaining the 
required slag cleanliness in the final product. It is 
the second last process step in the production line 
from raw material to cast product where the 
molten steel can react with surrounding oxide 
phases and the atmosphere. A deep 
understanding of the thermodynamics and 
kinetics is very important in the development of 
an operating procedure aiming at producing a 
steel with properties that are in line with the 
demands on the finished product.  
In the present paper some theoretical and 
practical aspects are given on the control of 
dissolved elements in liquid steel, including 
deoxidation reactions, with focus on reaction 
equilibria. 
2. Ladle refining processes – general 
principles 
In Fig.1, a sketch of a ladle containing liquid 
steel is given. Even this simplified drawing 
indicates that the reaction system is very 
complex. The liquid steel is surrounded by a 
refractory, which has a certain composition and 
includes phases that can react with elements 
dissolved in the liquid steel. There is a top slag 
which need to have a certain composition, quite 
often hard to control due to challenges to remove 
the oxidizing slag from the preceding process 
step such as a converter or an electric arc 
furnace. Normally partial deoxidation is made 
through the addition of for example ferrosilicon 
during tapping into the ladle aiming at stabilizing 
the final deoxidation procedure. Reproducibility 
is a problem due to quite varying oxidizing 
conditions.  
 
Figure 1 Schematic view of a ladle for refining of 
liquid steel under vacuum. 
When the final steel products show low-level 
requirements on elements forming gaseous 
products (C-CO, H-H2 and N-N2) a vacuum 
treatment step is required. Vacuum processes 
started to develop after World War II and today 
the treatment is typically performed in a tank 
degasser, where the melt and slag is subjected to 
vacuum, or in a RH-degasser (Rurhstahl 
Heraeus), where a snorkel arrangement degasses 
the melt in a separate chamber without any slag 
phase present. In earlier days the DH-process 
(Dortmund Hoerder) was quite common and 
based on a similar principle as the RH process 
with the difference of having one snorkel instead 
of two. 
In the ladle refining final trimming, including the 
addition of deoxidants, is made. Usually a 
synthetic refining slag is added and stirring is 
performed by induction or gas purging through a 
porous plug in the bottom of the ladle. The 
operating procedure might cause the melt to be 
Purging gas
Vaccum suction
(exhaust)
Alloy additions
Steel-refractory interface
Gas-steel interface
Slag-steel interface
Alloy-steel interface
Steel-non-metallic inclusions  
interface
 8 
 
exposed to the atmosphere which also will 
influence the result of the operation. In vacuum 
processes the stirring is enhanced by the low 
pressure at the top of the liquid metal and there 
are very limited or no reactions with oxygen in 
the atmosphere at the same time as contents of 
elements such as hydrogen and nitrogen can be 
decreased. The low pressure makes it possible to 
use carbon dissolved in the metal bath to reduce 
the dissolved oxygen and thus also obtain ultra-
low carbon contents. 
The addition of alloying elements and deoxidants 
can be made using different procedures such as 
plunging, wire feeding or the use of gravitational 
methods. All of them having benefits and draw-
backs.  
3. Deoxidation 
A direct effect of the ladle treatment is the 
formation of non-metallic inclusions in the form 
of oxides and sulphides. These inclusions have a 
direct effect on the properties of the finished 
product[1] such as:  
- Mechanical strength 
- Fatigue  
- Surface finish 
- Welding properties 
- Cutting properties 
- Corrosion 
Endogenous non-metallic inclusions in steel i.e. 
inclusions formed in the melt as a result of 
deoxidation are usually divided into four 
different types depending on their deformability 
during rolling, see Fig. 2.  
 
 
Figure 2 Different types of non-metallic inclusions in 
hot rolled steel. a) Ductile b) Brittle c) Brittle-ductile 
d) Undeformed[1] 
A very important task for the metallurgist 
especially in special steel-making is to control 
the morphology, number and size distribution of 
the inclusions in the finished steel. 
Liquid iron has a solubility of oxygen of around 
.23 % (2300ppm) by weight at 1600oC . This can 
be compared with, as an example, an aluminum 
deoxidized ball bearing steel with .85% C  which 
has a typical total oxygen content of <5ppm or a 
stainless steel of 316 type which contains 
typically 20-60ppm oxygen. In practical steel-
making, after the melting in the EAF or the 
oxidizing treatment in converters, the molten 
steel typically has an oxygen content of several 
hundred ppm which partially describes the 
challenge of obtaining a controlled inclusion 
level. Parallel to this there must be a full control 
regarding reoxidation of from the atmosphere, 
top slag and refractory.  
The addition of a deoxidizing elements results in 
a reaction according to: 
x·Me + y·O =  MexOy (solid or liquid) (1) 
K = aMexOy/{(aMe)x·(ao)y} 
In Fig. 2 some deoxidation equilibria at 1600oC 
are given. 
  
 
 
 
 
 
 
 
 
 
 
Figure 3 Deoxidation equilibria in liquid steel at 
1600oC [2] 
By adding a strong deoxidizer such as aluminum 
the equilibrium oxygen content is very low. As 
an example 10 ppm at an aluminum content of 
0.010%. 
When adding a deoxidizing element to the liquid 
steel, the following consecutive steps occur[3], 
see Fig. 4. 
1. Melting and dissolution of the deoxidizing 
element into the steel melt 
2. Chemical reaction with dissolved oxygen 
leading to nucleation of oxide particles in the 
melt. 
3. Diffusion growth of inclusions 
4. Collision growth of inclusions 
 9 
 
5. Separation and removal of inclusions to the 
top slag and refractory 
In an extensive laboratory study Feng[4] studied 
this phenomena during deoxidation with silicon. 
In Fig. 3, measured contents of dissolved oxygen 
as well as the total oxygen content is given. The 
dissolved oxygen decreases very rapidly while 
the total oxygen including the formed 
deoxidation products decreases more slowly. In 
Fig. 5, the number of particles in different size 
fractions measured in polished samples are 
given. After a first nucleation period the number 
of bigger particles increase by collision of the 
smaller ones. 
The simultaneous or consecutive addition of two 
deoxidizers to liquid steel will form complex 
deoxidation products. A classic example of this is 
deoxidation with silicon and manganese. In Fig. 
6 equilibrium oxygen activities in the oxide 
phase at different Mn- and Si-contents are 
given[5]. If only silicon is added, the deoxidation 
product obviously is pure SiO2. 
 
Figure 4 Nucleation, growth and removal of 
deoxidation products from liquid steel. 10kg induction 
furnace[4] 
The addition of Mn results in that complex oxide 
phases containing Mn and Si are formed and the 
equilibrium oxygen content in the metal phase is 
decreased.  
Another example of modification of the 
deoxidizing products is the addition of Ca, 
usually in the form of SiCa, to the steel after 
deoxidation with aluminum, see Fig.7[6]. The 
addition of Ca transforms the aluminates to 
liquid inclusions which prevents nozzle clogging 
during casting. 
The modification of slag inclusions might also be 
done to improve the machinability of the finished 
steel product. When doing this, the modification 
with Ca is important to control the formation of 
sulphides in the melt. The aim with this treatment 
is to form calcium-aluminates with precipitation 
of CaS. This has among others been treated by 
Wijk[1] who used THERMO CALC[7] to explain 
the formation of the sulphides according to the 
overall reaction below: 
3CaO + 2Al +3S = Al2O3 + CaS              (2) 
 
 
Figure 5 Number of particles in different size 
fractions Nsm, Nm3-9m, NL>9m during 
deoxidation with Si on a10 kg induction furnace[4] 
 
Figure 6 Equilibrium oxygen activities and SiO2-
contents in the MnO-SiO2 phase at different Mn- and 
Si-contents in liquid iron, 1600oC[5] 
The reaction indicates that by adding aluminum 
to a liquid steel containing calcium-aluminates 
precipitation of CaS can occur. Fig. 8 gives the 
lowest activity of sulphur needed for the 
formation of CaS at different activities of 
aluminum in presence of calcium aluminates in 
the metal. In the calculation the activity of CaS 
was assumed to be .8 as some MnS is 
precipitated together with the CaS[8].   
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Figure 7 Binary phase diagram CaO-Al2O3[6] 
In Fig.9, an image analysis is given showing the 
precipitated sulphides around a calcium 
aluminate.  
 
Figure 8 Lowest sulphur activity at which CaS is 
formed in liquid calcium aluminate as a function of 
the aluminum activity in the metal bath, 1550oC[8] 
4. Vacuum treatment 
As mentioned above vacuum treatment is 
typically performed in a tank degasser, where the 
melt and slag is subjected to vacuum, or in a RH-
degasser (Rurhstahl Heraeus), where a snorkel 
arrangement degasses the melt in a separate 
chamber without any slag phase present. 
During the vacuum treatment a continuous flow 
of low-pressure purging gas (< 1 mbar at a 
position close to the steel-slag interface) rinses 
the steel from gaseous components. In theory, 
due to the very low pressure, the levels of 
gaseous components will approach zero due to 
the constant renewal of purging gas flowing 
through the system. However the kinetics of the 
process is influenced by mainly sulphur which is 
a surface active element which decreases the rate 
of removal of different gaseous elements 
dissolved in the melt. 
Figure 9 Image analysis showing the different 
precipitation of sulphide on calcium aluminates [1] 
During tank degassing it is possible to reach very 
low oxygen levels using a synthetic slag with a 
low activity of Al2O3 as there is effective mixing 
between metal and slag and limited reoxidation 
from the atmosphere. Fig. 10 demonstrates the 
benefits of the vacuum process in obtaining low 
oxygen contents[9]. 
 
Figure 10 Oxygen content in a ladle furnace under 
atmospheric pressure and a tank vacuum degassing 
process[9] 
The low pressure range also generates very low 
equilibrium oxygen activities due to the low CO 
pressure according to the reaction: 
C + ½ O = CO (g)  (3) 
K = pCO/(aC·aO) 
Log K = 1160/T +2.003 
Fig. 11 gives the carbon content as a function of 
time during vacuum degassing of ultra-low 
carbon steel at different sulphur contents[10]. The 
effect of the surface active sulphur is obvious. 
The removal of dissolved gaseous elements (H 
and N) as the primary reactions: 
2H = H2 (g)   (4) 
2N = N2 (g)   (5) 
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According to Sieverts law we get the following 
expressions: 
%H = K´√PH2 
%N = K´´√PN2 
A similar effect as described in Fig. 11 is shown 
in Fig. 12 where the effect of sulphur on the 
removal of nitrogen during tank degassing is 
given[11]. 
 
Figure 11 The effect of Sulphur during degassing of 
ultra-low carbon steels[10] 
 
Figure 12 Nitrogen removal from liquid steel during 
tank degassing[11] 
5. Reoxidation 
In a well-functioning ladle refining process it is 
very important to have full control of the entire 
reaction system including atmosphere, top-slag 
and refractory. In this final part of the paper this 
will be demonstrated by presenting some results 
from industry and laboratory. 
The composition of the top-slag is very important 
to control the ladle refining process. The top slag 
is protecting the liquid steel from reoxidation by 
reaction with the atmosphere and if the oxygen 
potential in the top slag is high this will 
immediately have a negative effect on the 
deoxidation result. In Fig. 13, results are given 
from ladle furnace experiments performed on a 
low alloyed steel[12]. The effect of the oxygen 
potential in the steel is obvious.  
 
Figure 13 Influence of (FeO+MnO)-content on the 
total oxygen content after ladle refining, 65 ton 
scale[12]. 
For a long period of time, silica based chamotte 
refractory was used in ladles, especially in 
connection to the open hearth process. As 
demands on improved quality of the finished 
product and the introduction of new processes 
more stable refractories were introduced. This 
was done to prevent reactions between the 
refractory, slag-phase and liquid steel during the 
ladle refining. Fig.14 give the total oxygen 
content in the liquid steel as a function of time 
during injection experiments with CaC2 on a 65 
ton scale. The result clearly demonstrates the 
importance of a stable refractory. Even the 
alumina refractory which at a first look should be 
quite stable is unstable because of a high SiO2 
content. The lowest oxygen level is obtained 
using dolomite refractory which is commonly 
used in Europe. 
The importance of a stable refractory is 
confirmed in Fig.15 which shows the results 
from vacuum treatment of a low alloyed steel in 
a 50 ton DH degassing unit[14]. The diagram is 
showing the area% of oxide in polished samples 
after hot rolling. It is obvious that the stability of 
the refractory is very important to obtain the right 
result.  
Hallberg[15] studied the influence of the lining in 
a 10 kg vacuum furnace aiming at understanding 
results from tank degassing of aluminum 
deoxidized steel on an industrial scale. 
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Figure 14 Total oxygen contents during lance 
injection of CaC2. Effect of different lining 
materials[13] 
A comparison between tar-bound and sintered 
magnesia showed an increase of the Mg-content 
in the metal when tar bound refractory was used, 
see Fig.16. This was explained by a reduction of 
MgO by carbon in the tar due to the low partial 
pressure of the formed carbon monoxide. 
 
Figure 15 Area percent of oxide inclusions (worst field 
of view) in polished samples after hot rolling.  
comparison between chamotte and dolomitic lining[14] 
 
Hallberg also show the strong dependence of 
lining material on the composition of the non- 
metallic inclusions. Tar bound magnesia lining 
resulted in an increase of MgO content in the 
inclusions from 5-10% to 20-40% which will 
have a detrimental effect on the properties of the 
finished products for special steel grades. 
6. Conclusions 
 Ladle refining processes have been very much 
developed during the last decades. The reaction 
system during ladle refining is very complex and 
must be deeply understood to obtain a 
reproducible process. Reactions between the steel 
melt, top slag refractory and atmosphere and 
their kinetics must be fully understood and taken 
into consideration. 
Figure16 Contents of Mg in liquid steel as a function 
of pressure. Tar-bound (“tjärb.”) and sintered 
(“sint”) magnesia respectively[15] 
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Abstract: Phosphorus and manganese are quite important elements for resource security, and are entirely imported in 
Japan. Steelmaking slag contains several percentages of these elements and the quantity of which is disposed as slag is 
comparable with the imported amounts. Therefore, steelmaking slag is recognized as a domestic source of phosphorus 
and manganese. To recover phosphorus and manganese selectively from steelmaking slag, three technologies are 
being developed in our laboratory. In the leaching process, the difference of solubility in aqueous solution between the 
solid solution of high P2O5 content and other phases is used. By controlling the pH, selective dissolution and 
precipitation of phosphate is achievable. In the selective oxidation process, the difference in activity between P2O5 and 
MnO in acid slag is used. The selective reduction of phosphorus could be performed. In the sulfurization process, 
manganese in slag is selectively sulfurized as the phosphorus sulfide is unstable at high temperatures.  
 
Keywords: Steelmaking slag, phosphorus, manganese, recycle 
 
1. Introduction 
If we compare Japan with India, it is clear that Japan 
is a considerably smaller country. Therefore, the 
valorization of steelmaking slag is the most important 
problem which must be overcome for sustainable 
growth of the steel industry in Japan. Recently, with 
the increasing demand for high quality steel, the 
amount of steelmaking slag generated has gradually 
increased to 125–130 kg/t [1]. Nearly 23% of the slag 
was recycled in the steelmaking process; around 60% 
of it was used for road construction and civil 
engineering [1]. However, an increase in the demand 
in these sectors is not expected as the infrastructure 
has already been developed. In addition, the profits 
are very low, as slag does not have any additional 
value compared to other competing materials. 
 
The typical composition of steelmaking slag 
generated from the Japan integrated steelmaking mill 
is shown in Table 1 [1]. It contains several percentages 
of manganese and phosphorus. Phosphorus and 
manganese are quite important elements for resource 
security, and are entirely imported by Japan[2,3]. 
Phosphorus is primarily used as a fertilizer, and hence 
its demand may spike because of rapid global 
population growth; however, good quality supplies 
are scarce. However, most imported manganese is 
used as an alloying material for steel. As manganese 
is an important metal in the production of high quality 
and special steels, in the scope of national resource 
security, manganese is designated as a state stockpile 
element. 
 
Table 1 The average composition of steelmaking slag 
generated by integrated steelmaking mills in Japan[1] 
 
CaO SiO2 FeO MnO MgO P2O5 Al2O3 S 
45.8 11.0 22.4 5.3 6.5 1.7 1.9 0.06 
 
By an element flow analysis[4,5]] in 2015, about 112 kt 
of phosphorus was imported in the form of 
phosphate-ore, phosphoric acid, yellow phosphorous 
and other materials. In addition, about 850 kt of 
manganese was imported in the form of Mn ore, 
ferro-alloy, and other materials. However, about 
11,614 kt of steelmaking slag was generated this year, 
indicating that about 100 kt of phosphorus and about 
500 kt of manganese were discarded as steelmaking 
slag, assuming it contained 2% P2O5 and 5% MnO. 
Therefore, steelmaking slag is recognized as a 
domestic source.  
 
While these elements can be recovered as a ferro 
alloy by carbothermic reduction of steelmaking slag, 
this simple reduction is not suitable for the production 
of an Fe–Mn alloy as it has a high content of 
phosphorus. Phosphorus is the most harmful element 
in steel products; the separation of phosphorus is 
inevitable to produce a ferro-alloy from slag. On the 
other hand, a carbothermic reduction is used to 
concentrate the phosphorus to the metal phase and an 
attempt to produce slag with a high P2O5 content is 
performed by the oxidation of this metal. However, to 
utilize this oxide as a raw material for fertilizer 
production, the contents of FeO and MnO must be 
lowered. Therefore, to reuse phosphorus and 
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manganese as resources, their separation is 
necessary; however, the scope of research on this 
subject has been very poor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Mineralogical structure of the quenched 
steelmaking slag. 
 
The mineralogical structure of the quenched 
steelmaking slag is shown in Fig.1. In steelmaking 
temperature, slag consists of liquid phase and the 
solid solution of 2CaO∙SiO2 (C2S) and 3CaO∙P2O5 
(C3P) [6]. By the analysis of their composition, it is 
already known that phosphorus is primarily 
concentrated in the solid solution and manganese is 
concentrated in liquid phase[7]. 
 
Therefore, by the extraction of the solid solution from 
slag, the separation of phosphorus and manganese 
could be achieved. For the separation and recovery of 
P from steelmaking slag, various methods have been 
explored based on the difference in density[8,9] or 
magnetic properties[10] between the solid solution and 
the other phases. However, the degree of separation 
was limited. 
 
In this paper, we introduce the seeds of the 
technology used in our laboratory to selectively 
recover phosphorus and manganese from 
steelmaking slag.  
 
2. Leaching process 
 
In our laboratory, selective acid leaching of the solid 
solution by aqueous solution has been proposed. 
First[11], the dissolution behavior of a solid solution 
with various compositions in aqueous solution was 
investigated; it was observed that the dissolution ratio 
of the solid solution decreased greatly as the C3P 
content increased. Compared with the dissolution rate 
of Ca, the dissolution ratio of P was not high enough 
owing to the precipitation of hydroxyapatite (HAP; 
Ca5HO13P3). After this investigation, the dissolution 
behavior of the synthesized slag of the 
CaO-SiO2-P2O5-Fe2O3 system was investigated [12]. 
In this research, the molten slag was cooled to 
precipitate the solid solution with various cooling 
rates. After leaching, many holes were observed on 
the surface of the slag particles, as shown in Fig. 2. 
These holes were formed by the dissolution of solid 
solution; the composition of the residue was close to 
that of the matrix phase. The mass ratio of the residue 
to the dissolved slag was close to the ratio of the 
matrix to solid solution before leaching. The results 
confirmed that the solid solution of the initial slag 
was selectively dissolved in the aqueous solution.  
 
In these experiments, nitric acid was used to control 
pH, but as the mass of dissolved Ca from the slag was 
much larger than that of P, the dissolution ratio of P 
was restricted by the precipitation of HAP. Recently, 
a more effective dissolution that suppresses the 
precipitation of HAP was discovered using citric 
acid[13]. In this case, Ca formed a complex in the 
aqueous solution and the content of the dissolved Ca 
decreased below the solubility of HAP. When the 
synthesized steelmaking slag of the CaO-SiO2-P2O5- 
MnO-MgO-Al2O3-Fe2O3 system was leached by 
citric acid at pH = 3, almost all of the solid solution 
was dissolved without the dissolution of the other 
phases. The result is shown in Table 2. In this slag, the 
phosphorus was distributed only in the solid solution, 
but the contents of Fe, Mn, and Al in the solid 
solution were negligible. This result demonstrated 
that 99% of the phosphorus was dissolved, but 90% 
or more of Fe, Mn, and Al remained in the residue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Steelmaking slag after leaching by nitric acid. 
 
In using the leaching process, the extracted 
phosphorus in the leachate could easily be recovered 
as phosphate by the adjustment of pH. The residue 
could be recycled in the sintering or steelmaking 
processes. However, to recover manganese as a 
ferro-alloy, the ratio of Mn/Fe in the residue is too 
low and the phosphorus content is not low enough.  
 
 
 
Liquid phase 
Solid solution phase 
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Table 2 Dissolution ratio of each element by leaching of 
steelmaking slag using citric acid 
 
Ca P Si Fe Mg Mn Al 
0.99  0.99  1.00  0.00  0.29  0.07  −0.01  
 
3. Selective reduction 
  
To produce a ferro-manganese alloy with low P 
content, the “duplex practice” has been achieved [14]. 
In this process, a metallic solvent was produced for 
the adsorption of phosphorus in manganese ore. After 
the separation of the solvent, the residual oxide 
containing MnO was reduced to produce a ferro-alloy 
with low phosphorus content. In the first step, to 
increase the activity of P2O5 and decrease that of 
MnO, acid slag was used. This technology could be 
applied to the steelmaking slag or the residue of the 
leaching process to separate phosphorus and enrich 
manganese.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Separation of metal and slag phases after 
reduction 
 
To confirm the applicability to steelmaking slag, a 
fundamental experiment was conducted[15]. The slag 
of a CaO-SiO2-FeO-Al2O3 system with 4% P2O5 and 
5.5% MnO was synthesized in an alumina crucible; 
the crushed synthesized slag and graphite were 
homogenously mixed. The mixed sample was heated 
for 20 min at 1773 K under argon gas atmosphere. 
The metal and slag were easily separated, as shown in 
Fig. 3. In the case of the slag with low basicity (0.75), 
about 96% of the phosphorus was reduced, but about 
96% of the manganese remained in the slag. The 
composition of the metal phase after the reduction 
was carbon-saturated iron with 7.99 mass% P and 
0.95 mass% Mn. The residual slag contained 6.27 
mass% of MnO and 0.16 mass% of P2O5. Although 
the separation degree was not high enough, this result 
revealed the possibility of extracting P and Mn from 
steelmaking slag separately. In using this process, the 
residual slag containing a high amount of MnO and 
low amount of P2O5 would be a raw material of 
ferro-manganese alloy.  
If the steelmaking slag shown in Table 1 was reduced 
in the first step to adsorb phosphorus in the metal 
phase, the composition of the formed 
ferro-manganese alloy from the residual slag could be 
calculated. In this calculation, after the first step, 97% 
of FeO is assumed to be reduced; the distribution 
ratio of P (LP=(P)/[P]) and Mn (LMn= (Mn)/[Mn]) 
after this step is changed. The residual slag is reduced 
in the second step; the composition of ferro-alloy is 
calculated assuming the perfect reduction of Mn, Fe, 
and P in this step. In addition, the carbon content in 
the ferro-alloy is assumed to be 6.8%. The calculation 
result is shown in Fig. 4. In the above experiment, LP 
and LMn were in the range of 0.003–0.009 and 1.8–5.1, 
respectively. Therefore, as a high-carbon 
ferro-manganese, the content of manganese is high 
enough for our purpose. However, to produce an 
alloy with low phosphorus, its content in the residual 
slag should be decreased more.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Influence of the distribution ratio of the first step 
on the composition of ferro-manganese alloy 
 
This process could be applied to the treatment of the 
residue after the leaching process. In this case, as 
most of the phosphorus has already been removed, it 
is easier to produce the ferro-alloy with low 
phosphorus content.  
 
4. Sulfurization 
 
The authors have proposed an innovative process for 
recycling manganese from steelmaking slag via 
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sulfurization of the slag because phosphorus sulfide 
is unstable at high temperatures[16]. The process starts 
with the sulfurization of steelmaking slag to form a 
liquid sulfide (matte) of the Fe–Mn system and to 
separate phosphorus. The obtained matte is then 
oxidized to obtain a Mn-rich oxide phase without any 
phosphorus. Therefore, high-purity Fe–Mn alloys 
could be produced via reduction of the Mn-rich oxide 
phase. Fig. 5 shows the image of this process.  
 
Fundamental experiments were performed to clarify 
the influences of slag basicity and temperature on the 
distribution ratios of P, Mn, Fe, and Ca between matte 
and slag[17,18]. The obtained results demonstrated that 
the P content in the matte was close to zero. In 
addition, the distribution ratio of Fe and Mn between 
the matte and slag increased with the slag basicity. 
For designing an industrial process based on these 
results, a kinetic model was developed to simulate the 
reactions between the matte and slag[19]. 
 
 
 
Figure 5 Outline of the process to extract Mn and P from 
steelmaking slag using sulfurization and oxidation 
 
 
From the process simulation, to increase the 
distribution ratio of manganese in matte, the ratio of 
Mn/Fe in matte should be decreased. Furthermore, in 
the oxidation stage of the formed matte, to increase 
the ratio of Mn/Fe in the oxide, the yield of 
manganese is decreased. To overcome these problems, 
a multi-stage treatment was proposed, as shown in 
Fig. 6.  
 
In principle, the separation of manganese and 
phosphorus and the formation of ferro-manganese are 
possible. However, it is difficult to remove the 
emulsified slag particles in the matte and the process 
which consists of a multi-stage treatment is too 
complicated. Therefore, further development was 
abandoned. 
 
 
Figure 6 Multi-stage sulfurization treatment of 
steelmaking slag 
 
 
5. Conclusions 
 
Phosphorus and manganese are quite important 
elements for resource security, and are entirely 
imported in Japan. Steelmaking slag contains several 
percentages of these elements, and the amounts 
discarded as slag are comparable to the imported 
quantities. Therefore, steelmaking slag is recognized 
as a domestic source of phosphorus and manganese. 
To recover phosphorus and manganese selectively 
from steelmaking slag, three technologies are 
developing in our laboratory.  
 
Steelmaking slag consists of a liquid phase and the 
solid solution of 2CaO∙SiO2 (C2S) and 3CaO∙P2O5 
(C3P). By the analysis of their composition, it is 
already known that phosphorus is primarily 
concentrated in the solid solution and manganese is 
concentrated the in liquid phase. In the leaching 
process, the difference in solubility in the aqueous 
solution between the solid solution and the other 
phases is used. By controlling the pH, the selective 
dissolution and precipitation of the phosphate could 
be achieved.  
 
In the selective oxidation process, the difference in 
the activity between P2O5 and MnO in acid slag is 
used. In the acid slag, P2O5 is unstable and 
preferentially reduced to form carbon saturated iron 
with a high content of phosphorus. The residual oxide 
could be used as raw material to produce a 
ferro-manganese alloy. In the sulfurization process, 
manganese in slag is selectively sulfurized as the 
phosphorus sulfide is unstable at high temperatures. 
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Abstract: Computational models can help to understand and improve complex mature processes such as 
continuous of steel in many ways, including understanding the mechanisms of defect formation. This requires 
rigorous validation with experimental measurements to demonstrate that the models sufficiently capture the 
important phenomena that govern the behaviors of interest, are formulated correctly, and have accurate property 
data. This work reviews a few examples of computational models and their validation with experiments from 
the authors’ recent research. Turbulent flow predictions are validated with measurements of gas pockets inside 
the nozzle and resulting bubble size distributions in the mold. Predicted surface velocity and level profiles and 
their fluctuations are compared with plant measurements using nailboards. Finally, the shape of longitudinal 
depressions predicted with a thermal-mechanical model are compared with micrographs in cast slabs. The 
capabilities of advanced modern computational models to match real-world measurements continues to 
improve. 
Keywords: Continuous casting, computational models, measurements, validation  
1. Introduction 
The steel continuous-casting process and the 
digital computer appeared at about the same 
time in history. Continuous casting has grown to 
produce over 95% of steel in the world[1]. 
Similarly, computational modelling has grown 
due to tremendous advances in computer power 
and to great improvements in the sophistication 
of modelling software. During most of this time, 
advances to steel continuous casting were 
accomplished mainly by logically-based plant 
experiments, with input from laboratory 
experiments. As the process has become more 
mature, however, and problems become more 
difficult to understand and solve by trial and 
error, computational models can play an 
increased role in current and future advances. 
Computational models can help to improve a 
process in many ways. Online models can 
control the process in real time, such as the 
control of secondary spray cooling using 
dynamic heat conduction models[2]. Semi-online 
models can provide efficient feedback to 
operators and engineers, to enable them to 
trouble-shoot the cause of problems and to find 
solutions[3]. Finally, advanced offline models, 
the subject of this paper, can capture complex 
coupled phenomena to realistically simulate the 
process. Such models can reveal new insights 
into understanding the process, such as 
explaining the mechanism(s) of how a particular 
defect likely formed. 
After development of a computational model, it 
should be verified with known analytical 
solutions to show that it was formulated 
correctly, and that numerical errors are 
managable. Next, validation with experimental 
measure-ments is critical, to ensure that the 
model assumptions are reasonable, that the 
model captures all of the phenomena important 
to the problem of interest, and that the constants 
and property data in the model are sufficiently 
accurate. This paper summarizes a few examples 
involvingvalidation of computational models of 
continuous casting with measurements, focusing 
on recent research by the authors.   
2. Continuous-Casting phenomena 
Like all real-world processes, continuous casting 
is tremendously complex, with a wide range of 
coupled phenomena, that interact over a vast 
range of time and size scales. Some of these 
phenomena include:  
• turbulent, multiphase, transient fluid flow in 
a complex geometry (inlet nozzle and strand 
liquid pool), as affected by argon gas bubbles, 
electromagnetic forces, thermal, and solutal 
buoyancies 
• injection of argon gas that forms large gas 
pockets and bubbles, their coalescence and 
breakup as they are transported through the 
turbulent flowing liquid, and their influence on 
the flow pattern and possible entrapment into the 
solidifying steel 
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• dynamic motion of the free liquid surfaces 
and interfaces between many different phases, 
including the effects of surface tension, 
oscillation, gravity-induced waves, and fluid 
momentum 
• thermodynamic, thermal, and mechanical 
interaction within and between the atmosphere, 
powder / slag phases, refractory walls, and the 
different steel phases, including reoxidation, and 
the generation of indigenous and exogenous 
inclusions, liquid and solid precipitates 
• conduction, convection, radiation, and 
thermodynamic reactions within the heating, 
melting, sintering, flowing, thickening, and 
crystallizing powder / slag phases. 
• flow and heat transport in the liquid and 
solid flux layers, which float on the top surface 
of the steel 
• transport of superheat in the turbulent steel 
• transport of solute (including intermixing 
during a grade change) in the turbulent steel 
• transport of complex-geometry inclusions 
through the liquid, including the effects of 
buoyancy, turbulent interactions, agglomeration, 
and possible entrapment of the inclusions on 
nozzle walls, gas bubble surfaces, dendritic steel 
solidification front, and the top surface meniscus 
• thermal, fluid, and mechanical interactions 
in the meniscus region between the solidifying 
meniscus, solid slag rim, infiltrating molten flux, 
liquid steel, powder layers, and inclusion 
particles.  
• heat transport through the solidifying steel 
shell, the interface between the shell and mold, 
(which contains powder layers and growing air 
gaps) and the copper mold. 
• mass transport of crystallizing slag down 
the interfacial gap between shell and mold. 
• thermal distortion, wear, and forces applied 
by the mold walls and the support and drive rolls 
• nucleation and growth of solid crystals, 
both in the melt and against solid surfaces, and 
their transport through the flowing melt pool 
• solidification of the steel shell, including 
the growth of dendrites, grains and complex 
microstructures, multi-component phase 
transformations, precipitate formation, and 
microsegregation. 
• shrinkage of the solidifying steel shell, due 
to thermal contraction, phase transformations, 
and internal stresses. 
• stress generation within the solidifying steel 
shell, due to external forces, (friction with the 
mold walls, bulging between the support rolls, 
withdrawal, gravity) thermal strains, creep, and 
plasticity (which varies with temperature, grade, 
and cooling rate) 
• crack formation, due to the combined 
interactions of fluid flow, porosity nucleation, 
heat transfer, stress, and microstructure 
evolution.  
• coupled segregation, on both microscopic 
and macroscopic scales 
3. Multiphase flow in nozzle and mold 
Turbulent fluid flow in the nozzle and mold is 
greatly important to steel quality. To reduce 
nozzle clogging problems, for example, argon 
gas is often injected into various places inside 
the nozzle. The injected gas interacts with the 
liquid steel flow in a complex manner to produce 
a size distribution of bubbles exiting the nozzle 
into the mold. The bubbles greatly affect the 
flow pattern and may cause serious defects if 
captured into the solidifying shell. This gas may 
also may accumulate into gas pockets inside the 
nozzle, which can be sheared intermittently into 
large bubbles, and greatly affect both the flow 
pattern and the flow stability of the system. 
These phenomena are difficult for conventional 
computational fluid dynamics models to capture.  
 
A new EEDPM hybrid model is being developed 
to simulate these phenomena[4,5]. It couples 
together an Eulerian-Eulerian (EE) model of the 
liquid steel and argon phases including the gas 
fraction field, together with a Discrete Phase 
Model (DPM) of particle (gas bubble) transport. 
The EE model identifies regions of high gas 
fraction where gas pockets form, typically where 
there is recirculating flow. The DPM model 
solves for the transport, breakup, and 
coalescence of the bubbles through the EE 
velocity field, and tracks their evolving size 
distribution. Bubbles are generated in the DPM 
model according to a shearing detachment 
criterion at the bottom of the gas pockets 
calculated in the EE model. The DPM model 
provides the needed bubble size for the EE 
model. Mass balance is easily satisfied 
independently in both models, because there is 
no mass exchange between the models. The 
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EEDPM model has been implemented into the 
commercial CFD software ANSYS-Fluent[6] via 
extensive UDF user subroutines. 
The new EEDPM model has been applied to 
simulate turbulent flow in several relevant 
benchmark experiments, including air bubble 
transport in turbulent water flow in vertical 
pipes[7], and argon / molten Galinstan metal flow 
in a model caster[8]. The latter experiment is like 
a stopper-rod, nozzle, and mold system, but has 
a very thin geometry, to enable x-ray 
visualization. This exaggerates the effects of gas 
surface tension and gas pocket formation, so is a 
more difficult test of the new EEDPM model 
than the real process. Fig. 1 shows sample 
results comparing the gas fractions in the nozzle 
region between the hybrid model simulation and 
x-ray visualization of the lab experiment[8].  
The simulation and measured results both show 
that three gas pockets form near the nozzle top: 
at the stopper tip and at each side wall, with 
periodic oscillation of the gas pockets and 
velocity fields. Furthermore, the side gas pockets 
are observed to shed bubbles periodically from 
below. 
   
Figure 1 Comparison of measurement (left) and 
simulation (right) of gas pocket shape inside nozzle 
 
The bubble size distribution evolves as the 
bubbly molten steel flow in the nozzle exits into 
the mold. The strong jets from the ports expand 
quickly to span the entire thickness of the thin 
mold, traverse across to impinge on the 
narrow-face mold walls, and divide upwards and 
downwards. Bubbles entrained with the upward 
flow can escape from the top surface of the 
mold, so only a few are observed. Bubbles 
entrained with the downward flow are mostly 
trapped beneath the jet, as the jet obstructs their 
path to float upwards. Some bubbles escape 
down from the bottom of the mold, but most 
accumulate below the jet and coaelesce into 
larger bubbles as they circulate in the lower 
region of the mold. Experimental observations 
report the same phenomenon that only a few 
bubbles rise directly toward the top surface, and 
most bubbles are found in the lower region of 
the mold below the nozzle port.  
 
 
 
Figure 2 Comparison of predicted bubble size 
distribution with measurements 
 
Fig. 2 compares the bubble size distribution in 
the mold from the EEDPM model with the 
corresponding measurements. The model only 
slightly underpredicts the measurements. 
4. Surface velocity and level profiles and 
their variations 
Behavior of the top surface of the molten steel in 
the mold is very important to the quality of 
continuous-cast steel. If the surface velocities are 
too high, mold slag can be entrained, leading to 
inclusion and sliver defects in the product. If the 
surface level profile is too steep, insufficient 
mold slag may be consumed into the interfacial 
gap between the solidifying steel shell and the 
mold, leading to lubrication problems, thermal 
variations, and surface cracks, especially where 
the level is too high. If the surface level 
experiences excessive fluctuations, initial 
solidification at the meniscus can be disrupted, 
leading to surface defects such as entrained mold 
slag and slivers.  
Computational models of turbulent flow in the 
nozzle and mold can be easily extended to 
predict these important surface phenomena. 
After solving the mass and momentum transport 
equations, simple models with a flat top surface 
can convert the calculated pressure variations 
into surface level variations via a potential 
energy balance[9]. When surface level 
fluctuations involve complicated surface waves 
or sloshing, etc., more advanced free surface 
methods can be applied.  
Argon gas 
volume 
fraction 
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An important measurement tool for gaining 
validation data for model predictions of fluid 
flow in the mold is to insert nails or nail boards 
into the top surface down through the slag layer. 
With proper insertion time, ~3s, a small lump of 
steel will solidify onto the nail tip. This method 
was pioneered to measure the thickness of the 
liquid slag layer that floats above the steel, by 
comparing with corresponding aluminum wires. 
Recently, a new methodology has been found to 
estimate the liquid slag layer depth directly from 
the color profile of the scale along the nail[10]. 
Nails provide several more important ways to 
validate flow model predictions. By observing 
the variations in the run-up height around the 
nail, the direction of the flow can be determined. 
Furthermore, by analyzing the run-up height, the 
velocity of the molten steel past the nail can be 
found[11]. Fig. 3 compares such measurements of 
surface velocity and direction with calculations 
from a model of multiphase flow in a slab 
caster[12]. These results show a strong cross-flow 
from the inside to the outside radius. This was 
caused by the slide-gate opening near the inside 
radius side of the nozzle generating swirl that led 
to argon gas exiting the nozzle ports towards the 
inside-radius in the mold, and then buoying the 
flow there upwards[12].   
 
 
Figure 3 Surface velocity along centerline comparing 
model predictions and nail-board measurements 
By comparing the lump positions of a series of 
nails attached to an inserted nail board, the 
surface level profile across the top of the caster 
can be found[11]. Examples of both surface 
velocity profiles and surface level profiles from 
10 such nailboard experiments are compared 
with results of Large Eddy Simulations (LES) in 
Figs. 4 and 5[9]. The time averages of both 
profiles match well with the average of the 
measurements[9]. This work further reveals 
insight into their time variations, which also 
match well with the corresponding 
measurements. Specifically, the predictions 
show that times with higher surface velocity, and 
more severe variations of the surface level 
profile, both correspond with clockwise flow of 
the swirling jets exiting the nozzle ports. This 
was associated with strong flow directly down 
from beneath the slide-gate opening, and down 
the outside-radius-side of the nozzle. Time 
intervals with lower velocity generally 
correspond with counter-clockwise nozzle swirl, 
which was associated with flow inside the 
nozzle crossing over to the inside-radius side. 
This crossover slows the jet, leading to weaker 
jets exiting the ports, and slower surface 
velocities a short time interval later, according to 
the time needed for the flow to reach the narrow 
face, and deflect upwards to the top surface. This 
work shows the importance of the flow-control 
device (slide gate or stopper rod) on surface 
velocity variations in the mold. It suggests that 
control of flow variations inside the nozzle could 
help to stabilize flow in the mold and surface[9].  
 
 
 
Figure 4. Surface velocity profiles and variations 
comparing LES model and nail-board measurements 
 
5. Heat transfer and breakout shells 
Heat transfer is the most basic phenomenon to 
control in continuous casting, and problems such 
as local drops in mold heat transfer can lead to 
breakouts. Transient heat-transfer solidification 
models can be validated with measurements of 
mold heat flux from heatup of the cooling water, 
and with temperature measurements from 
thermocouples in the mold walls. Further 
validation is possible from comparison of the 
solidified shell thickness and breakout shells [13].  
An example comparing model predictions with 
measurements around the perimeter of a 
breakout shell from a beam-blank caster are 
shown in Fig. 6[13]. The variations depend on 
both the drop in heat transfer due to gap 
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formation between the shell and the mold wall in 
the shoulder region, due to excessive flange 
taper predicted with a thermal-mechanical 
model[13], and the additional effect of superheat 
delivery from the turbulent flow, included in a 
multiphysics model[13].  
 
 
 
Figure 5 Surface level profiles and variations 
comparing LES model and nail-board measurements 
 
 
 
Figure 6 Model predictions and measurements of 
breakout shell thickness in a beam-blank caster 
 
6. Longitudinal depressions 
Crack formation is another serious defect in 
continuous casting. Internal hot-tear cracks fill 
with interdendritic liquid to cause 
macrosegregation which cannot be removed, 
while surface defects oxidize, leading to slivers 
during rolling. Surface cracks are often 
accompanied by depressions. 
Thermal-mechanical models are being applied to 
simulate phenomena such as the formation and 
growth of depressions and cracks[14]. 
      
 
 
Figure 7 Simulated longitudinal depression shape 
(with transverse stresses) compared to micrograph  
 
The first step is validation of the heat transfer 
model[15], which includes a detailed treatment of 
the gap, including separate thermal resistances 
for the slag layers, air gap and contact 
resistances[14]. The mechanical model can be 
validated by comparison with the shape of the 
simulated depressions. For example, Fig. 7 
shows a longitudinal depression during 
solidification that was simulated by applying 
7.5% tensile strain over 30s starting when the 
shell was 3mm thick. The depression forms due 
to necking of the thinnest part of the shell in the 
mold, caused by a thermal-mechanical 
instability. Specifically, the depression causes a 
local drop in heat transfer across the interfacial 
gap. This leads to a hotter, thinner shell beneath 
the depression, where strain concentrates when a 
tensile load is applied. The predicted depression 
depth is similar to that observed in a micrograph 
of a depression with a crack in the final 
solidified steel slab[14]. The depression shape 
does not exactly match the micrograph, likely 
due to changes in shape during deformation in 
the rest of the caster, and also from the possible 
influence of the crack on the shape evolution. 
This model is being applied to correlate the 
shape of depressions with the mechanism of 
their formation. Ultimately, the goal is to relate 
shape of the surface depressions to the 
mechanism of crack formation, and identify 
effective practice(s) to correct the problems.  
7. Conclusions 
Computational models have great potential to 
increase understanding and enable 
improvements to mature manufacturing 
processes, such as continuous casting of steel. 
To be useful, however, the models must include 
all of the important phenomena that govern the 
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behaviors of interest, which are not always 
obvious. Thus, model validation with 
experimental measurements is essential. This 
paper has shown a few examples of such 
validation, relevant to fluid flow in the nozzle 
and mold, surface profile and level fluctuations, 
the formation of breakouts due to shell thinning 
in the mold, and longitudinal depressions. As 
computational models continue to improve, and 
to better match with measurements, they should 
lead to further advances in the continuous 
casting process.  
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Abstract:  Research and Development is a continuous process and is an important part of a company’s business 
strategy. Option is there now-a-days to buy research or develop in-house. In-house research seeks to gain 
knowledge and insight to support existing business by keeping them competitive, drive new business and 
opportunity and above all, broaden and deepen the technical capability for long term benefits. The right support 
and guidance is the key to success of any in-house research and development set up. Active participation of 
people equipped with current knowledge and method of research is also needed for effective management of 
complex state-of-the-art research programme. This paper will highlight the importance of in-house research, the 
necessary infrastructure and governance models to run it effectively, and some of the results achieved.  
  
Keywords: In-house research, research infrastructure, governance model. 
1. Introduction 
Research and development (R&D) is a 
continuous process and the definition may vary. 
Roussel et al[1] defined R&D as the way of 
developing new knowledge and apply scientific 
or engineering knowledge to connect  from one 
field to others. According to Twiss, R&D is the 
purposeful and systematic use of scientific 
knowledge to improve man’s lot even though 
some of its manifestations do not meet with 
universal approval[2]. Whatever may be the 
definition of R&D, this activity is crucial for 
survival of an industry in the fast changing 
environment with changes in technology, 
competition, customer preferences and so on.   
Usually universities and academia concentrate on 
the pursuit of knowledge through fundamental 
and basic research. The outcome tends to be 
more general. On the contrary, the industrial 
research set up cannot function independently 
and needs to have a strong linkage with the 
company’s business strategy.  Industrial research 
provides support to existing business by keeping 
them current, competitive and by improving 
efficiencies. However, execution of this poses a 
greater challenge of having a strong motivated 
team equipped with current knowledge and 
methods of research for effective management of 
complex research programme.  
 
Furthermore, in-house industrial research needs 
to be ably supported by providing right 
infrastructure in terms of facilities, manpower, 
fund etc. Also, an appropriate governance model 
for selection, execution of research and 
providing direction ensure desired outcome from 
in-house research. All these aspects will be dealt 
with in this article. 
2. Importance of in-house research 
Industrial research is customer centric and 
focuses on development of products, new 
technologies, understanding technologies in 
existing products, manufacturing processes and 
above all application of knowledge for 
commercial purposes.  Some of the key benefits 
of in-house research are as follows: 
1. Successful R&D outcome provides technical 
pride.  
2. Helps to learn from experience. 
3. Empowered R&D professionals get involved 
with customers at an early stage of product 
launch. 
4. Two-way communication with operating 
teams ensures faster implementation of research 
findings  
5. Gaining stakeholder’s confidence who look 
for organisations having agility and good R&D 
track record 
6. Developing technical capability for long term 
benefits. 
 
In the journey of technology maturity and 
commercialisation, the “valley of death” as 
shown in Fig. 1 is a major concern[3]. The 
initiation and the depth of valley may vary 
depending on the understanding of the issue and 
the mitigating approach adopted by the team. 
Herein lies the need of a structured governance 
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model to keep things on track. This will be 
discussed later. 
 
Figure 1 Valley of death in the technology maturity 
journey 
3. Business excellence set up at Tata Steel 
No argument exists on the fact that both 
incremental and breakthrough improvements 
and/or developments are equally important for 
the sustenance of a business. Hence, at this stage 
it is difficult to talk breakthrough and 
incremental improvements separately. This 
directs the business entity towards setting up a 
right performance excellence structure in which 
R&D becomes an important wing.  
 
 
 
Figure 2 Business excellence set up at Tata Steel 
 
Tata Steel has a strong business excellence 
foundation as depicted in Fig 2. In this set up, 
corporate improvement group essentially drives 
continuous improvement across the organisation. 
Technology groups take care of product and 
process improvement/development along with 
the quality assurance function. R&D supports 
business strategy and long term goals by carrying 
out research using simulation, models, laboratory 
and pilot plant facilities. Automation ensures 
effective maintenance and development of level 
II software. All these agencies acts in unison to 
achieve greater mileage in business performance 
excellence journey.  
 
4. R&D and governance model 
Tata steel R&D is the first industrial R&D in 
India established in 1937. It is an ISO 9001:2015 
certified DSIR laboratory. Presently, it has just 
under two hundred professionals who are 
working under different research groups with 
matching supporting staff. R&D projects are 
broadly divided into three categories: business 
unit driven, exploratory and strategic (thrust area 
project). There is a structured process of project 
selection, execution and monitoring of progress 
to ensure successful completion of projects. As a 
part of governance structure, Apex and 
technology development committees (TDC) 
provide directions towards integrating R&D 
projects to overall business strategy. 
 
Providing fund for research and resources is also 
an important function of R&D Apex committee.   
There may not be any guarantee that higher 
R&D expenditure will lead to higher profits, 
more creativity, better products and services or 
increased market share. However, the dearth of 
money should not kill bright ideas or concept 
from seeing the light of the day. Tata Steel has 
always been proactive in research fund 
allocation. Figure 3 shows increasing trends of 
R&D expenditure over the years.  
 
 
 
Figure 3 Trend of R&D expenditure at Tata Steel 
 
The risk in R&D investment is accepted 
globally. However, if calculated risks are taken 
then results can be very impressive. It can even 
open up new business opportunities. This will be 
discussed later in connection with the results of 
in-house research. 
 
Under the governance model, technology 
readiness level (TRL)[4] and manufacturing 
readiness level (MRL)[5] are important levers in  
addressing valley of death (as discussed earlier), 
reducing risk of failure, right timing, execution 
and so on for a successful research outcome. 
While TRL helps in idea generation from scratch 
to product commercialization, the MRL is a 
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measure developed by the United States 
Department of Defence (DOD) to assess the 
maturity of manufacturing readiness. Most of the 
new product development issues can be traced 
back to the inability of understanding 
manufacturing risk in the early stages of the 
product development process, particularly for 
complex technology and component designs. 
And, as a result, most manufacturing problems 
do not come on the surface until units are being 
built and tested for the first time. At this point, it 
becomes extremely costly to address these 
issues. Moreover, delivery schedule also gets 
adversely impacted. Therefore, to overcome this 
situation a systemic views of both product 
technology as well as the industrial base maturity 
needs to be considered. 
 
A stage gate system of project management 
proved to be very effective in realizing the 
project goal. Fig 4 is the schematic illustration of 
the same.  
 
 
 
Figure 4 Stage gate system of project management 
 
As depicted here, in the ideation stage the 
researchers submit or list down all ideas and no 
evaluation is done. The topics which can migrate 
to the next stage are allowed to proceed. While 
this approach helps researchers to exercise their 
right side of the brain, it checks redundancy of 
ideas as well at the evaluation stage.  An 
accepted idea/project gets migrated through one 
stage to other based on TRL values and 
culminate at successful commercialization stage.  
 
In industrial research customers occupy the 
central place. Therefore, an effective and 
meaningful engagement with the customers 
through structured application research 
programme can go a long way in achieving a 
win-win situation.  
5. The resources – fostering research 
Effective management of complex state-of-the-
art research programme depends largely on the 
active participation of people equipped with 
current knowledge and methods of research. This 
needs to be supplemented by enabling 
researchers with simulation, pilot plant and other 
facilities to enhance the chances of success. 
Research need to take place in all important 
processes across the value chain with greater 
focus in identified areas fitting to the long term 
strategy of the organisation.  
 
After successful completion of research projects 
in laboratory scale, several bench scale/pilot 
facilities have been created keeping 
commercialisation aspect in mind. 
Simultaneously, to aid product application 
research, state of the art laboratories have been 
built in the last few years. These include 
advanced thermo mechanical simulator, forming 
simulators, welding centre etc.   These facilities 
are being used for generation of specific material 
data which can be shared with auto majors as 
inputs in the vehicle development stages. 
 
Industrial R&D is largely technology based and 
diversities in technology only ensure that no 
single industry can gain expertise in all areas. 
Here lies the need for greater alliances and thus 
collaboration is gaining importance day by day. 
The policies which support collaboration are: 
government regulations, the scope of sharing of 
global facilities and incubation centers. Figure 5 
shows a simple collaborative ecosystem with 
important constituents of it.  
 
 
 
 
Figure 5 Collaborative research ecosystem 
 
In India, there is a need to establish Research QA 
Systems which will allow the industries, 
academia, research labs and government research 
bodies to collaborate. Tata Steel facilities R&D 
division to carry out collaborative research in 
frontier areas of technology. R&D is currently 
running over 40 collaborations in India and 
abroad in different areas of research. Around 10 
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– 15% of total R&D budget is spent on such 
collaboration by Tata Steel annually. 
6. Results 
The most common measure for the successful 
outcome of R&D is in terms of new products for 
the industry delivering products to the customers. 
However, for an organisation like Tata Steel 
research can be directed and governed to address 
issues related to productivity, cost, quality, 
resource conservation, leveraging values from 
wastes etc. in addition to the stated need of 
product development. Table 1 lists down some 
items which can be presented as shining cases.  
 
Table 1 Shining examples of research outcome 
 
Area Research outcome 
Process 1.Attaining low coke rate in Blast Furnace 
2.Journey towards dephosphorisation of steel 
Product Novel armor steel 
 
Materials 1.High grade iron powder from by-product 
iron oxide 
2.Graphene – holding promise 
 
6.1 Achieving low coke rate in blast furnace 
Figure 6 reveals how research and technical 
intervention have resulted significant lowering in 
blast furnace coke rate over the years which is 
one of the most important drivers in improving 
productivity, lower slag rate.  
 
 
 
 
Figure 6 Reduction in Blast Furnace coke rate  
Some of the initiatives were; lowering coke 
moisture through CDQ (coke dry quenching 
technique), higher agglomerates in burden and 
higher pellet reducibility, increased stability by 
redistribution of coke fraction and adjustment in 
burden distribution.  
6.2 Lowering phosphorous in steel 
Tata Steel’s captive raw materials have higher 
phosphorous and hence hot metal or liquid iron 
produced in Tata Steel’s blast furnaces is 
characterised by higher level of phosphorous. On 
the contrary stringent product requirements of 
the customers compelled it to be maintained in 
the lowest possible level. Therefore, 
phosphorous control in steel has been the focus 
of research. As shown in Fig. 7, over the years a 
significant improvement may be noted in turn 
down phosphorous level which could be 
achieved through sustained research and 
development efforts.  
 
 
 
Figure 7 Journey of phosphorous control in steel 
 
6.3 Product development – armor plate 
Development of world class weldable and 
formable armor steel is the need of the hour. In 
this context, a collaborative research has been 
undertaken with the University of Cambridge, 
UK. Results of successful pilot scale 
development have been reported. Several 
challenges need to be overcome through 
sustained research before it is manufactured on a 
commercial scale.  
6.4 Production of high grade iron powder 
Encouraging research in the areas which may not 
be related to the immediate business needs may 
open up newer business opportunities. One such 
example is the development of high grade iron 
powder from by-product iron oxide.  
High grade iron powder finds applications in 
automobile parts, 3D printing, metal injection 
molding, food fortification, microwave parts. 
The market for metal powder is estimated to be 
USD 17 billion by 2020 in which iron powder 
will have a share of 80%. Commodity iron 
powder market is less attractive due to lower 
margins and monopoly by few companies. A 
good demand for high purity ultra-fine iron 
powder exists both in India and abroad. The 
concept of production of high purity ultrafine 
powder from by-product iron oxide has been 
proved by laboratory scale research and 
validated in bench scale. Research on a pilot 
scale is being undertaken.   
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6.5 Graphene – holding promise 
Improved corrosion protection (greater than 6 
months in atmospheric exposure) using graphene 
on steel substrate is one of the few current 
innovation from Tata Steel. This development 
has opened up new business opportunities. 
Research on laboratory scale which started 
couple of years back is now migrated to pilot 
scale and moving towards commercialization. 
Significant quantity of graphene coated rebar has 
already been supplied to the customers and 
feedback awaited.  
6.6 Patents and publications  
In addition to tangible benefits arising out of 
implemented/commercialized research, the 
outcome of research can also be measured by 
two other parameters viz. patent and 
publications. These are pride items for the 
researchers and technologists which enhances 
their morale and also develop image of the 
organization in the fraternity.  
 
Figure 8 shows the publication trends in the last 
few years in selected peer reviewed international 
journals. Similar trends could also be observed in 
both filed and granted patents from Fig. 9.  
 
 
 
 
Figure 8 Trends in publication of research papers in 
selected international journals 
 
Tata Steel R&D has earned several awards and 
recognitions during its long existence. Some of 
the agencies and organisations which have 
recognised R&D’s contributions are DSIR, 
NACE International, National Intellectual 
Property Award, Thomson Reuters Award etc. 
 
  
 
 
Figure 9 Trends in patent filed and granted 
 
7. Conclusions 
Research and development is an important 
business support infrastructure. In-house 
research can deliver outstanding results towards 
keeping the business current, competitive and 
support the organisation in realizing the long 
term goals. Targeted improvements in the key 
performance indicators can also be leveraged 
through systematic research. Encouraging 
research in areas other than the current business 
needs may also lead to opening up newer 
opportunities. All these helped in developing 
technical capabilities for long term benefits.  
 
The prerequisite for all this is to have a highly 
motivated team equipped with current 
knowledge and methods of carrying out research. 
Setting directions and priorities, availing funds 
and facilities for research and above all an 
effective research governance model can go a 
long in meeting immediate and future goals.  
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Abstract: The last decade was a turbulent for the steel industry. The reorganization of steel industry across 
borders has progressed and the increased demand for steel products has made the price of raw materials such as 
iron ore and metallurgical coal more volatile than ever. Ironmaking technology division in NSSMC has been 
exposed to global competition and has tried to cope with these changes and to increase its international 
competitiveness by developing such technologies as utilization of lower grade raw materials, productivity 
enhancement, measures for energy conservation and reduction of CO2 and NOx emission and so on. This paper 
describes the recent progress in ironmaking technologies in NSSMC. 
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1.Introduction 
The circumstances surrounding the iron and steel 
industry have changed greatly. While the 
increased demand for steel products has caused a 
rise in the price of raw materials such as iron ore 
and metallurgical coal and the quality of raw 
material has been deteriorating, there is a 
growing need for developing technology to give 
solutions for various environmental problems 
such as energy shortage, increase in CO2 and 
NOx emission and so on. This plenary lecture 
provides a summary of the developments of 
ironmaking technologies in Japan for 
environmental solution, along with some 
examples of the development result and practical 
application such as RCA (Reactive Coke 
Agglomerate), LCC (Lime Coating Coke), 
SCOPE21 (Super Coke Oven for Productivity 
and Environment Enhancement toward the 21st 
century), COURSE50 (CO2 Ultimate Reduction 
in Steelmaking Process by Innovative 
Technology for Cool Earth 50) project and so on. 
2.Currenct Status of Japanese Steel 
Industry[1,2]   
2.1 Production and raw materials                      
In 2013, Japan’s crude steel output increased for 
the first time in three years, climbing up 3.1% to 
110.59 million tons. The Japanese steel industry 
depends entirely on imports for the two primary 
raw materials used to produce steel; iron ore and 
coal. In 2013, Japan’s imports of iron ore 
increased for the second consecutive year. 
Among major suppliers to Japan, imports from 
Australia and Brazil accounted for 61.8% and 
26.8% respectively. These two countries 
supplied about 90% of Japan’s steelmaking iron 
ore imports. Metallurgical coal imports in 2013 
also increased. Imports from Australia, which 
accounts for about 70% of all coal imports, 
increased 6.6% and those from Russia and 
Indonesia rose 7.3% and 14.1% respectively. But 
coal imports from Canada and the USA were 
down 6.3% and 14.3% respectively. The unit 
price of imported iron ore and coal was down in 
2013, however, the cost of iron ore and coal is 
still high(Fig. 1).  
 
 
 
 
 
 
 
 
 
2.2 Energy and environment 
The Japanese steel industry has established a 
voluntary action plan for environmental 
protection. The plan includes the goal of 
achieving a 10% reduction on energy used in 
production processes (about 9% cut in CO2 
emissions) compared with the fiscal 1990 level 
based on average annual emissions between 
fiscal 2008 and 2012. Under the voluntary action 
plan, there have been many progresses in energy-
conservation measures and improving operations. 
As a result, average annual energy consumption 
between fiscal 2008 and 2012 reached the target 
Coal
World’s pig iron production (right scale)
Coal (left scale)
Iron Ore (left scale)
[million tons][$/tons]
Iron Ore
Figure 1 Price of imported iron ore and coal 
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by falling 10.7% below the fiscal 1990 level as 
shown in Figure 4 because of a 2.7% decrease in 
crude steel production and an 8.0% improvement 
in unit energy consumption (Figure2).In addition, 
CO2 emissions were 10.5% below the fiscal 1990 
level.The Japanese steel industry aims to achieve 
more emission reductions by utilizing 
technologies to the greatest possible extent and 
by developing a revolutionary ironmaking 
process called COURSE50 and other innovative 
technologies. In addition to energy conservation, 
reduction of NOx emission from ironmaking 
process has been an important subject from the 
viewpoint of environment.Among all, decreasing 
NOx emission in sintering process is a key issue 
in steel industry.This plenary lecture provides a 
summary of the developments of ironmaking 
technologies in Japan for environmental solution, 
along with some examples of the development 
result and practical application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.Development of sintering technology 
3.1 LCC (Lime Coating Coke)[3-5] 
Decreasing NOx emission in sintering process is 
a key issue in steel industry. NSSMC (Nippon 
Steel & Sumitomo Metal Corporation) developed 
a new technology of decreasing NOx emission in 
sintering process by using LCC (Lime Coating 
Coke). In this process, as shown in Figure 3, 
coke breeze is mixed with lime (CaO) and 
pelletized. As a result, coke is coated with CaO. 
LCC is mixed with iron ore and iron oxide is 
also coated on LCC.The mixture of CaO and iron 
oxide forms CaOFe2O3 melt on coke surface 
when it is heated. CaOFe2O3 coating layer 
promotes high temperature combustion and 
functions as catalyst for reducing NOx. NSSMC 
introduced LCC in Oita works and started the 
commercial operation in 2013. By LCC process, 
NOx emission in sintering process decreased and 
sinter productivity increased. 
 
 
 
 
 
 
 
 
 
 
 
 
4.Development of cokemaking technology[6] 
4.1 DAPS 
In coke oven, heat supplied by conduction is 
used for evaporating water, which is not energy 
efficient. In Japan, where energy cost is 
expensive, coal pre-treatment technology has 
been studied and developed to improve energy 
efficiency. The basic concept is to dry coal 
before it is charged into coke oven chamber. 
Two typical examples are CMC and DAP. CMC 
stands for coal moisture control. In CMC, coal is 
dried in steam tube dryer and the moisture 
decreases from 10% to 5-6%. The lower limit of 
the moisture in CMC process is determined by 
the emission level of coal fine dust. DAPS 
process has solved this problem by separating 
fine coals with fluidized bed dryer and 
agglomerating coal fines. DAPS stands for dry-
cleaned and agglomerated precompaction 
system. The moisture is down to 2% and this 
process is more energy-efficient. NSSMC 
introduce CMC and DAPS in Oita works in 1983 
and 1992 respectively. Furthermore, these 
processes have another advantage, which is to 
increase the blending ratio of low quality and 
cheap coal; slightly caking coal. Decrease in coal 
moisture results in the increase in the coal bulk 
density in coke oven chamber; which leads to the 
improvement of coke strength. Based on the 
same coke strength, the blending ratio of 
slightly-caking coal can be increased in coal 
drying process.  
4.2 SCOPE21 (Super Coke Oven for 
Productivity and Environment 
Enhancement toward the 21st century) 
The average working life of coke ovens in Japan 
is now about 40 years and the supply of coke is 
foreseen to decrease because of the deterioration 
of the coke ovens. Furthermore, the existing 
cokemaking process faces a lot of challenges 
such as depletion of metallurgical coal, 
environment and cost reduction. The Japan Iron 
Figure 2 Causes of change in FY08-FY12 energy 
consumption. 
Figure 3 Process flow of LCC. 
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and Steel Federation and the Center for Coal 
Utilization, Japan had made an effort to develop 
the SCOPE21 process, Super Coke Oven for 
Productivity and Environmental enhancement 
toward the 21st century, which was a ten-year 
(1994-2003) national project6). The target of 
SCOPE21 was: 1) increasing the ratio of non- or 
slightly caking coal (poor coking coal) from 20% 
to 50%; 2) higher productivity for reducing the 
construction cost; 3) reducing NOx by 30% and 
no smoke/no dust operation; 4) energy saving by 
20% for reducing CO2. The main characteristics 
of the SCOPE21 process are the rapid preheating 
of the coal charge and the rapid carbonization. 
The quality of coke can be improved by 
upgrading the coal coking quality with rapid 
preheating and by increasing the coal bulk 
density. The coking time and the coking energy 
can be reduced by preheating the charging coal. 
Coal is heated up to 350 ºC in the coal 
pretreatment facility. NOx (nitrogen oxides) 
content in the exhaust gas can be reduced by 
improving the heating system of the coke oven.  
 
 
 
 
 
 
 
 
 
 
 
After the national project finished, the feasibility 
of the commercial scale plant was studied in 
NSSMC, and the 1st SCOPE21-type new coke 
oven battery was constructed at Oita works and 
the operation of new coke plant was started in 
2008. The second SOPE21 type new coke oven 
started operation in 2013 at NSSMC Nagoya 
works (Figure 4). The coke production capacity 
is 1 million ton per year. The coal is dried in a 
fluidized bed dryer and fine coal is separated 
from coarse coal. The fine coal is agglomerated 
by an agglomerater, while the coarse coal is pre-
heated rapidly to 350 ºC in a pneumatic pre-
heater. Then the agglomerated fine coal is added 
to the coarse coal, and 250 ºC coal is charged 
into coke oven. The new coke oven adapted 
multiple stage burner and circulation exhaust gas 
system. Consequently, the NOx concentration of 
combustion exhaust gas was below 170ppm at 
flue temperature of 1270 ºC in the COG (Coke 
Oven Gas) burning coke oven. Since the start-up 
of the new oven, the operation has been good 
and stable. This technology contributes to 
increasing Japan’s world leading energy 
efficiency. 
5.Development of Blast Furnace Technology 
5.1 RCA (Reactive Coke Agglomerate)[7] 
In this process, carbon and iron composite, RCA, 
is produced according to the process flow 
(Figure 5) . Carbon and Iron oxide compound 
such as dust are mixed and pelletized in a disc 
pelletizer. After cured, the no-fired pellet product 
is charged into blast furnace. The carbon 
gasification starts at lower temperature due to the 
closely-positioned carbon and iron oxide, which 
enhances the blast furnace reaction efficiency by 
decreasing the thermal reserve zone temperature. 
This technology was put to practical use at 
NSSMC Oita works in 2012. The use of RCA 
containing 20% carbon lowered the reduction 
equilibrium temperature, increased the gas 
utilization ratio and reduced the carbon 
consumption. The carbon consumption decreased 
0.36 kg C/tHM per 1 kg C/tHM of input carbon 
derived from RCA. 
 
 
 
 
 
 
 
 
6.COURSE50 (CO2 Ultimate Reduction in 
Steelmaking Process by Innovative 
Technology for Cool Earth 50)[8] 
6.1 Outline of COURSE50 
Since FY2008, Japanese four blast furnace 
steelmakers and one engineering company have 
been working on the “CO2 Ultimate Reduction in 
Steelmaking Process by Innovative Technology 
for Cool Earth 50 (COURSE50) Project”10) 
which is one of national projects commissioned 
from NEDO aimed at developing drastic new 
CO2 emissions mitigation technologies from 
steelworks. Work is under way on developing a 
technology for using hydrogen for the reduction 
of iron ore (method for lowering blast furnace 
CO2 emissions) (Fig. 6). Hydrogen in the very 
hot coke oven gas (COG) generated during coke 
production is amplified and then used to replace 
some of the coke. Furthermore, for the separation 
of CO2 from blast furnace gas (BFG), a 
revolutionary CO2 separation and collection 
technology (technology for separating and 
Mixer Disc Pelletizer
Raw Material 
Hopper
Curing Yard Curing YardSieve Sieve
Figure 9. Overview of Nagoya SCOPE21. 
Figure 5 Process flow of RCA. 
Figure 4 Nagoya NO.5 coke plant(2nd 
SCOPE21plant) 
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collecting CO2 from blast furnaces) will be 
developed that utilizes unused heat at steel mills. 
The goal is to use these technologies for low-
carbon steelmaking that cuts CO2 emissions by 
about 30%. 
 
 
 
 
 
 
 
 
 
 
 
 
6.2 Technology to reduce CO2 from Blast 
furnace 
Coke oven gas (COG) or reformed COG called 
RCOG is used as reducing agents rich in 
hydrogen. RCOG is produced by amplifying its 
hydrogen content in COG by utilizing newly 
developed catalyst and unused waste heat of 
COG (800 oC). To investigate and evaluate the 
potential in replacing coke and coal as reducing 
agents in the blast furnace with COG or RCOG, 
a trial was carried out using LKAB Experimental 
Blast Furnace. As shown in Figure 7, hydrogen 
reduction was increased in both COG injection 
from blast tuyere and reformed COG injection 
from shaft tuyere because of the fast reaction rate 
of hydrogen reduction. Along with the 
experiment, a mathematical simulation model 
considering mass and heat transfer, reactions, 
and gas, solid and liquid flows inside the furnace 
was developed. Both experiment and simulation 
confirmed that CO2 reduction of about 3% is 
possible at blast furnace input. 
7.Conclusion 
Looking ahead to 2020, the Japanese steel 
industry will be first in the world to begin using 
relatively new advanced energy-conservation 
technologies. The Japanese steel industry will 
continue to focus on development of 
revolutionary ironmaking technology for 
environmental solution and energy conservation 
to contribute to conserve energy with more 
efficient steel production processes and to 
achieve a low-carbon society. We will tackle 
various problems surrounding ironmaking 
through the maximum use of the most advanced 
technologies and will increase Japan’s world-
leading energy efficiency.  
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Abstract: The ironmaking blast furnace can be described as a continuous, counter-current reduction furnace.  
Currently, there is no complete thermo-physical description of the blast furnace that allows prediction or 
optimization of the furnace for productivity or greenhouse gas (GHG) emission reduction from first principles.  Key 
limitations in our understanding arise from the complex highly coupled energy-mass-flow phenomena in the furnace 
but also from a lack of basic characterization data of raw materials, accurate representation of the physical nature of 
important regions within the furnace and performance/measurement systems that deal with materials behavior in 
these regions.  In recent times blast furnace operators and academics have made use of the relatively low cost 
computational power and computer modeling to address some of the predictability issues. While such an approach 
can result in improved productivity and emissions reduction, it is ultimately still limited by the availability of data 
and quality of the data for charge materials and the description of the important regions in the furnace.   Advances in 
materials characterization with respect to 3D measurement and new or improved high temperature experimental 
techniques offer opportunities to in part address some of these limitations. In particular, the implications and 
benefits of recent published work on 3D measurement of coke structures, representative blast furnace conditions on 
coke reactivity and a new measurement tool for coke reactivity measurement shall be discussed.  
 
Keywords: Ironmaking, coke, 3D analysis and coke analogue
1. Introduction  
The ironmaking blast furnace is a continuous, 
counter-current reduction furnace.  In recent 
decades, there have been significant advances in 
our understanding and controlling how this furnace 
operates.  This understanding has led to blast 
furnace campaign lives in excess of 20 years [1].  
While this is impressive, our understanding does 
not run to a complete thermo-physical description 
of the blast furnace that allows prediction or 
optimization of the furnace for productivity or 
greenhouse gas emission reduction from first 
principles [2,3].   
Key limitations in our understanding arise from the 
complex highly coupled energy-mass-flow 
phenomena in the furnace, a lack of basic 
characterization data of raw materials, accurate 
representation of the physical nature of important 
regions within the furnace and 
performance/measurement systems that deal with 
materials behavior in these regions.  To improve 
the predictability of a complex reactor such as 
blast furnace, it may be of use to consider the 
schematic shown in Figure 1.  
If it is assumed that “Reality” on this Figure 
represents predictability, then it can be seen that 
predictability of the furnace is achieved at the 
intersection of the key elements (data, process 
fundamentals and simulation) in describing the 
process.  This indicates that if significant progress 
in the predictability of a blast furnace is to be 
achieved then progress in all these elements is 
likely required.  
 
 
 
 
Figure 1 A schematic showing the intersection of key 
elements that describe a process or application. 
This paper is focused on metallurgical coke, a key 
reagent used in blast furnace iron production [4].  
Mostly it deals with the “Data” element given in 
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Figure 1 but, to some degree, also “Process 
Fundamentals”. 
Coke has a complex structure made up of different 
micro-textural carbon forms and minerals, and has 
a highly variable porous structure. Further, it often 
displays significant heterogeneity in any metric(s) 
used to characterize its micro-textural form, 
mineralogy, phase desperation, morphology, 
porosity, strength and reactivity.  
The performance of coke in the blast furnace is 
related to its hot strength and reactivity. Generally, 
high hot strengths are associated with low 
reactivities [5].   The better the nature, physical 
form and reactivity of coke are understood the 
more likely improvements in blast furnace 
predictability will be achieved.   
2. Characterization of the 3 D structure of 
coke materials using micro CT 
Micro CT systems can be used to generate 3-
dimensional (3D) data for coke. It is used to 
characterize coke formation and structure (pore 
distribution, wall thickness and connectivity) and 
phase identification as well as structural effects on 
reactivity and coke strength [6-9].  In theory, it 
offers a non-destructive, in-situ, approach to 3D 
characterization. There are two major types of 
micro CT (laboratory and synchrotron) 
distinguished principally by their respective X-ray 
source.  
Much of the micro CT work has focused on the 
internal porosity of coke. There a number of 
reasons for this, not least because the connectivity 
of the porosity in 3D is not well understood but 
also its importance relating gas access to the coke 
carbon surface for reaction and the significance of 
the internal coke structure in determining the 
strength of the coke. Some examples are given in 
the following text. 
Results from a recent micro CT study [9] on pore 
evolution/formation during the coking process are 
given in Table 1. These results show the size 
variation of isolated and connected pores with 
temperature and the considerable size change of 
the pores during the pore formation process. Other 
workers have shown [10] that the connectivity of the 
pores when considered from a 3D perspective is 
extremely high, >>90% of the pores are connected. 
 
 
Table 1 An example of mean size (μm) measured for 
isolated voids and large connected pores [Error! Bookmark 
not defined.] 
                             
 
 
In Figure 2 [6], the focus was to obtain a 
description of pore structure and geometries.  
             
 Figure 2 Coke internal pore structure [Error! Bookmark not 
defined.] 
While there has been much progress in 3D 
assessment of coke using micro CT, there are still 
significant limitations that need to be addressed.  
To the author’s knowledge, there are no published 
micro CT coke data with a spacial resolution better 
than ~7µm. Improved resolution can be achieved if 
smaller volumes of sample are studied but this can 
lead to sample representation issues in coke. As 
such, the resolution limit is as much a data 
generation/sample representation issue as it is a 
technical limitation of the equipment.  There is no 
unique definition of pore size from a 3D 
assessment approach. This may not be a major 
issue as its relevance in 3D measurement is an 
open question.  What may be more important is 
total area of surfaces available for reaction, 
minimum pore neck size and pore wall thickness. 
Phase identification in the coke is problematic in 
micro CT. Often it is an operator’s judgment based 
on information from other techniques, i.e. not 
easily quantified from the scan data only.  Most 
effective use of 3D data from micro CT 
measurements on coke is when it is used in 
combination with other classical characterization, 
reaction, strength, and modeling approaches. This 
comment relates both to validation of the 3D 
measurement and understanding the implications 
of the 3D data generated.   
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From the author’s perspective, it is not envisaged 
that use of 3D analysis techniques will replace 
classical 2D approaches anytime soon but rather 
the techniques augment/complement our current 
approaches and offer insights into important 
phenomena relevant to metal processing.  For 
those interested in more details of micro CT 
techniques, they are covered quite extensively in 
reviews by Stock[11] and Maire and Withers [12]. 
3. Measurements of coke reactivity using 
representative blast furnace conditions 
All ironmakers (academic or industrial) recognize 
the folly of simple application of a laboratory 
result or material quality test to the running of a 
blast furnace. Issues associated with the 
complexity of the furnace, raw materials and the 
changing furnace environment form the top to the 
bottom of the furnace usually preclude the direct 
use of any simple test to the running of the 
furnace. An obvious example would the widely 
used Coke Reactivity Index (CRI) and Coke 
Strength After Reaction (CSR), test for coke 
performance[13]. While CRI/CSR values (or 
equivalents) are often specified in the selection of 
coke to be used in the blast furnace, most furnace 
operators are aware of its limitations in predicting 
the coke performance in a blast furnace.  The 
primary issues with this particular coke metric 
relate to the gas used in the test is 100%CO2 and 
not representative of the blast furnace atmosphere 
and the temperature of the measurement (1100°C).  
Coke can be exposed to a range of temperatures up 
to ~2000°C in a blast furnace.  This does not mean 
the CRI/CSR measurements have no value for a 
blast furnace operator but rather they are an 
imperfect predictor of coke performance. There 
have been a number of approaches to deal with this 
type of problem that involve using more complex 
testing conditions considered more representative 
of the blast furnace.  A particularly thorough 
approach to this problem was executed by Xing et 
al [14]. In this study, there was an attempt to assess 
coke performance under atmosphere and 
temperature conditions more representative of the 
blast furnace. The gas compositions used were 
based on data reported by Van der Velden et al [15] 
obtained from a European blast furnace. In the 
Xing et al [Error! Bookmark not defined.] study a number 
of cokes were evaluated. These were well 
characterised pre- and post-testing for coke micro-
texture, structure, strength and reactivity; too many 
results to report here.  See Figures 3 and 4 for 
experimental conditions and a tensile strength 
example of their results respectively.  
 
 
Figure 3 Temperature profile of annealing and gas 
composition-temperature profile of gasification [Error! 
Bookmark not defined.] 
 
 
 
Figure 4 Tensile strength of cokes subjected to 
annealing and gasification [Error! Bookmark not 
defined.] 
The gasification tests, coke tests 6 to 9, were 
carried out under CO-CO2-N2. The annealing was 
conducted under N2.  While there is a lot of 
information on this graphic, a point to note is the 
difference in performance of the gasification coke 
tests. Coke A appears to have a strength 
independent of the temperature, gas and time 
experimental conditions but cokes C and D 
degrade with time, temperature and gas 
composition and degrade at different rates.  The 
maximum temperature for the gasification 
experiments (6 to 9) was 1400°C.   This behavior 
is not captured in a standard CRI/CSR test and 
would have consequences for blast furnace 
performance. 
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4. The coke analogue, mineral effects on coke 
reactivity 
A coke analogue has been developed that to some 
degree addresses the high uncertainty associated 
with the use of metallurgical coke in experimental 
studies. It is a simplified coke like material that 
allows control over a coke’s mineralogy, mineral 
dispersion, mineral size and porosity. The use of 
this material lowers the uncertainty in the 
measurements and has allowed clear delineation of 
specific mineral effects on coke reactivity (see 
Figure 5[16]), showing mineral effects on reactivity 
as expressed as a fractional weight change (FWC). 
  
 
 
Figure 5 Changes in FWC with time for single mineral-
containing coke analogues in CO2 gas at 1100°C [14] 
(The legend in Figure 5 lists the analogues in their order of 
reactivity from lowest (top) to highest (bottom)). 
 
The analogue has been shown to replicate 
metallurgical coke behavior, have a similar rate 
controlling mechanism to that of industrial coke in 
reaction with CO2, identify changes in carbon 
bonding associated with mineral additions and is 
currently being used to assess and quantify the 
effects of minerals found in Australian coals and 
cokes on coke reactivity.  
5. Conclusions  
The recent advances in materials characterization 
and our understanding of process fundamentals 
offer opportunities in improved blast furnace 
control and productivity. New information coming 
from 3D analysis techniques of raw materials and 
materials in use will ultimately lead to better 
descriptions of the blast furnace process. Blast 
furnace operators who are able to utilize this 
information will be in a better position to optimize 
their process for hot metal cost or reduction of 
greenhouse gas emission or other 
process/economic imperatives. 
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Abstract:  Induration of magnetite pellet involves three important phenomena, namely oxidation, sintering and 
associate heat transfer; these phenomena are interdependent on determining the final quality of the pellet.  In order 
to study the sintering a novel optical dilatometric method was used.  These studies were performed separately for 
magnetite and completely oxidized magnetite.  Further, the sintering phenomena was modeled taking cues from 
powder metallurgy literature.  In order to study the oxidation kinetics, TGA analysis were conducted both at powder 
and pellet scales at sufficiently low enough temperatures so that sintering effects are minimized.  Interesting results 
that has not been reported earlier have been observed and these results could be explained using available gas-solid 
reactions models both at powder and pellet scales.  Once the sintering and oxidation models were validated 
independently, they were integrated along with heat transfer model to realize a comprehensive induration model.  
These efforts have resulted in a Single Magnetite Pellet Induration Model (SPIM) which in principle can be used for 
optimizing raw material mix as well as the process parameters at the reactor scale. 
 
Keywords: Magnetite, pellets, induration, sintering, kinetics, modeling 
  
1. Introduction 
With increasing environmental awareness, 
demands for iron ore pellets have been steadily 
increasing.  On one hand industries need to 
produce quality pellets with diverse raw materials 
produced from increasingly lower grades of ores 
and on the other they need to recycle solid wastes 
into their processes through agglomeration, such as 
pelletization.    
Pelletization is a complex process involving 
sintering, chemical reactions and associated heat 
and mass transfer.  More often than not, for 
optimizing process parameters for 
induration, industries have adopted a practice of 
conducting large number of experimental trials 
with varying process parameters with a subsequent 
analysis of experimental data that are primarily 
empirical and qualitative in nature.  Instead, a 
better approach, especially keeping the 
quantification of the phenomena in focus, would 
be to look at individual phenomena during 
induration process in isolation to the extent 
possible using carefully designed experiments. 
From the experimental results the physics of the 
phenomena can be sought to obtain parameters 
which would quantify them. Subsequently 
individual phenomenon can be integrated to 
simulate the real phenomena.  This approach 
would help in both forward and backward 
integration in understanding pellet induration.  On 
one hand, the parameters characterizing the 
individual phenomena can help in optimizing raw 
material quality in terms of composition, particle 
size and its distribution to obtain desired quality 
pellet. On the other can help in obtaining inherent 
quality variation in the industrial induration reactor 
through appropriate modeling techniques at the 
reactor scale.  This is illustrated in Figure 1.  
With this vision, LKAB Sweden initiated a project 
at the Lulea University of Technology, 
Sweden in 2012 to understand and model physico-
chemical phenomena during induration of a single 
magnetite pellet.  This paper gives the overall 
perspective of this project. 
2.Methodology 
Ideally, for the best quality of magnetite pellets, 
complete oxidation followed by sintering is 
preferred.[1] However, in the actual induration 
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process, more often than not, one gets pellets away 
from the much wanted ideal one. This depends on 
the evolution of temperature and gas composition 
profiles within the pellet with time. Besides, in 
industrial reactors, namely straight grate and rotary 
kiln furnaces, all the pellets would not go through 
a same heating and gas composition environment. 
This leads to variation in pellet quality in the 
product 
Figure 1 Schematic illustrating single pellet model 
helpful in both backward and forward integration in 
induration process 
 
The quality of indurated magnetite pellets basically 
depends on three important phenomena, namely, 
sintering, oxidation and heat transfer.  This is 
illustrated in Figure 2. Overall quality of the pellet 
depends on these phenomena and their 
interdependence on each other.  
These phenomena are influenced by processes 
occurring at the scales of powder and pellet. At the 
powder scale, the process kinetics not only 
depends on process parameters like temperature 
and gas composition but also on particle size and 
mineral constituents. In the pellet scale, locally at 
any small region within the pellet, the process 
kinetics will be determined by that in the powder 
scale. However, depending on the transfer of mass 
and heat to any specific location within the pellet 
would result in non-uniform evolution of process 
in the pellet as a whole. For example oxidation of 
magnetite progresses radially from the outer 
surface towards inner core primarily through 
diffusion of oxidizing gas through the pores of the 
pellet[2].The oxidation becomes more and more 
difficult as it progresses since the oxidizing gas has 
to traverse larger distances through the product 
hematite layer[2]. At the same time, depending on 
the temperature and its distribution as well as the 
impurities present, sintering can happen both at the 
oxidized hematite phase as well as magnetite 
phase. Sintering could result in significant 
shrinkage in pellet. 
 
 
Figure 2 Schematic showing different phenomena 
during induration of a magnetite pellet 
 
Sintering characteristics for magnetite and 
hematite are quite different.  This would result in 
differential shrinkage which along with oxidation 
and associated heat transfer phenomena could 
result in a duplex structure having pellet with a 
magnetite core surrounded by hematite shell[2]. 
Sometimes, owing to different crystal structures of 
magnetite and hematite substantiated by different 
thermal properties can result in circumferential 
crack within the pellet[3].  
Therefore, as shown in Fig. 2 individual 
phenomenon is studied experimentally in isolation 
to the extent possible keeping the focus to quantify 
each phenomenon. Subsequent sections describe 
the experimental design and further analysis of 
sintering and oxidation phenomena in isolation.  
3.Sintering 
Sintering results in reduction of pores which 
ultimately results in overall shrinkage of the 
pellets.  Sintering characteristics were studied for 
magnetite and oxidized magnetite pellets 
separately.  Oxidized pellets were prepared from 
magnetite pellets oxidized for several hours at low 
temperature to avoid sintering.  Sintering studies 
on magnetite pellets were performed under inert 
atmosphere to avoid any oxidation.   
A novel technique, named as Optical Dilatometer 
was used to measure the shrinkage characteristics.  
Optical Dilatometer works on the principle in-situ 
capture of shadow images of a pellet kept in a 
furnace illuminated by a light source (See Fig.3).  
A typical expansion/shrinkage profile from the 
optical dilatometer is shown in Fig. 4.   
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Figure 3 Schematic of an Optical Dilatometer 
 
Figure 4 A typical optical dialotmeter profile for a pellet 
The dimensional change is cumulative effect of the 
thermal expansion during heating and shrinkage 
due to sintering.   Thermal expansion can be easily 
isolated from the overall dimensional change to 
obtain the shrinkage due to sintering alone.   
The shrinkage characteristics were quantified 
using models proposed by Wynnyckyj et al[2] 
adapted from powder metallurgy literature.  As per 
the model sintering is characterized by, shrinkage 
ratio, γ, defined as the ratio of sintering 
accomplished to sintering yet to be accomplished.  
The following rate equation was used to describe 
the sintering 
𝛾 =  𝐾0 exp (−
𝑛𝑄
𝑅𝑇
) 𝑡𝑛   (1)  
Where, 𝐾0 is the pre-exponential factor, Q is 
activation energy, n is time exponent and t is time.  
Figure 5 shows the validity of the model wherein 
all the experimental points fall in a single line as 
expected by the model[3,4]. 
Thus, sintering characteristics of magnetite and 
oxidized magnetite were captured through 3 
parameters, namely, K0, n and Q.   It may be also 
noted that these parameters can also be used to 
optimize the characteristics of the raw materials 
for green mix, namely, size and distribution of 
particles, mineralogical constituents, etc.  
Figure 5 Validity of the power law model for sintering 
of oxidized magnetite in a pellet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Typical oxidation (fractional weight gain, f) 
kinetics of a powder magnetite. 
 
4.Oxidation 
In order to quantify the oxidation kinetics thermo-
gravimetric experiments (TGA) were conducted 
both with powder and pellet samples. 
Isothermal TGA experiments were conducted on 
powder sample. Typical oxidation curve for 
powder sample is shown in Figure 6. The curve 
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shows oxidation rates at the initial stage are quite 
high followed by drastic decrease. Interestingly at 
low temperatures, the rates become so low that 
oxidation reaches a plateau.   Experiments were 
conducted to understand the effect of particle size, 
oxygen partial pressure and temperature on 
oxidation kinetics.  
Different models are being explored to quantify 
the oxidation of magnetite at the powder scale. 
Among the models, the one based on Avarami’s 
equation [5]was found to be the most suitable in 
predicting the oxidation kinetics.  Further studies 
on this aspect is in progress. 
Oxidation experiments were also conducted on the 
pellet scale.  Rate of oxidation (df/dt) of magnetite 
pellet with time from TGA under constant furnace 
temperature for different oxygen partial pressures 
is shown in Figure 7. It is interesting to note that 
there are two distinct peaks.  This could possibly 
due to temperature variation within thepellet 
arising out of exothermic oxidation combined with 
oxidation kinetics at the powder scale showing 
high initial rates followed by drastic decrease.  
Modeling efforts are in progress to simulate the 
oxidation kinetics at the pellet scale.  
Figure 7 Typical oxidation rate (rate of fraction weight 
change) kinetics of a magnetite pellet 
 
5.Single pellet induration model (SPIM) 
 
A comprehensive Single Pellet Induration Model 
(SPIM) is also being developed wherein the sub-
models to simulate sintering of magnetite and 
oxidized magnetite, oxidation kinetics of magnetite 
in the pellet and the associated generation of heat 
and its transfer are being integrated.  Preliminary 
results from such a model is shown below clearly 
depicting the formation of duplex structure 
formation during induration of magnetite pellet.  
 
Figure 8 Preliminary results showing the duplex 
structure formation during induration of a magnetite 
pellet 
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Abstract: India continues to emerge as a major iron and steel producing country in the world and is likely to 
consolidate its position further, once the National Steel policy is fully realized. However, increase in steel 
production is likely to strain the natural resource and calls for technology to minimize waste. Blast furnace 
ironmaking is still and is likely to remain in near future the most dominant route for producing hot metal.  It is well 
known that for production of one tonne of sized ore, the feed for blast furnace, almost an equivalent amount of 
undersize is generated.  A major part of this undersize is converted to useful feed stock for blast furnace through 
sintering.  However, extra fineness makes a significant fraction of this undersize unsuitable for sintering and 
approximately 18 – 25% of slime generated during washing of ROM ore adds up to the quantity of 
unutilized/underutilized fines. This fraction is of concern due to impact on ecology as well as loss of huge iron 
value. The current paper presents a brief review on various processes developed towards utilization of fines and their 
current status. It has been observed that none of the proposed processes could offer a commercially matured 
technology as an alternate to blast furnace iron making and thus energy intensive pelletization of fines and their 
subsequent reduction at relatively high temperature appears to be the only viable option, currently available.   
Thermodynamic consideration of gaseous reduction of iron oxide indicates that it is possible to convert hematite 
directly to metallic iron, bypassing the FeO stage at temperature below 570oC.  A few fundamental studies have 
been reported, indicating feasibility of such low temperature reduction within a reasonable time.  On the basis of 
analysis of existing alternate ironmaking propositions, the literature reporting on low temperature reduction and a 
few preliminary gaseous reduction experiments in the laboratory in static bed, the authors have proposed a 
conceptual scheme of counter current reactor for low temperature reduction of iron oxide fines. 
 
Keywords: Iron oxide fines, Low temperature, Fixed bed reactor, Counter current reactor 
 
1. Introduction 
Large amount of ferruginous waste are generated 
at different stages of iron and steelmaking 
processes. A major part of these iron bearing waste 
are recycled in the form of sinter. However, fines, 
rejected by sinter making process is of concern as 
no commercially matured technology is available 
for its utilization other than pelletization, involving 
energy intensive unit operations like grinding and 
high temperature induration. 
One of the options for using iron oxide fines may 
be to convert it to magnetite. Literature 
information [1-8] are available on fundamentals and 
different other facades on the same.  Figure 1 
shows thermodynamic feasibility of gaseous 
reduction of hematite to metallic iron at 
temperature below 570oC, without formation of 
wustite phase. 
Researchers [9-14] have tested such thermodynamic 
feasibility by conducting experiments in the 
temperature range of 400-5500C using hydrogen 
gas as reductant. Depending on the experimental 
conditions, investigators have reported 80-100 % 
reduction within 2.5- 8 minutes and proposed the 
following mechanism for low temperature 
reduction of hematite [12] 
 
             Figure 1 Baur Glaessener diagram 
 
(i) Fe2O3→Fe3O4→Fe      T < 450oC 
(ii) Fe2O3→Fe3O4→ FeO+Fe→ Fe   for 450oC < T< 
570oC 
(iii) Fe2O3 →Fe3O4 → FeO → Fe        for T > 570oC         
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In this paper, a glimpse has been presented on the 
activities by the authors related to utilization of 
iron oxide fines.  
2. Experimental 
2.1 Materials 
The material used was steel plant waste hematite 
powder (Supplied by TATA STEEL). Figure 2 
shows micro structure of raw iron oxide fines.  
 
           
 
Figure 2 SEM of raw iron oxide fines 
 
2.2 Procedure 
2.2.1 Preparation of magnetite 
Reduction parameters were first identified in a 10 
gm scale fixed bed reactor in the temperature range 
of 400-6000C, using pure H2. On the basis of such 
findings, investigation was carried out in a 
horizontal rotating counter current reactor of 10 
kg/batch scale.  
In another set of study, a fluidized bed reactor 
(FBR) of 1 kg capacity was employed for 
preparation of magnetite, using iron oxide both in 
powder and micropellet to capitalize high gas- 
solid contact area. Pure H2 at 20 lpm was 
employed for both powder and micropellet 
experiments. For both the bed configuration 
temperature and time was varied between 450-
550oC and 30-120 minutes respectively. 
2.2.2 Preparation of metallic iron  
Thermodynamic feasibility of conversion of iron 
oxide to metallic iron was tested in a fixed bed of 
10 gm in the temperature range of 500-750oC 
using pure H2 and three particle sizes viz. 
submicron, 1-5µm and 25-27µm under isothermal 
condition.  
In order to capatilize possible kinetic benefit 
arising from volume expansion associated with 
conversion of hematite to magnetite, another set of 
experiments was conducted by heating hematite in 
stepwise manner. In this scheme, the iron oxide 
was first heated to 400oC in inert atmosphere, 
reduced for a varied length for time by pure H2 
then heated upto higher temperature under Argon 
and final isothermally reduced by H2. 
Encouraged by the possible outcome of stepwise 
heating experiments, a programmed heating 
scheme was adopted to simulate possible 
translation of the findings in semi 
continuous/continuous mode. In this series, heating 
rate was varied keep reduction time constant in the 
temperature range of interest.  
The above effort for production of iron powder at 
low temperature has culminated into design, 
fabrication and commissioning of an innovative 
counter-current vertical reactor to utilize a variety 
of iron oxide fines. Preliminary experiments are 
being carried out to characterize and fine tune the 
system. 
Table 1 Results on conversion of hematite to magnetite 
System/ 
Scale 
Temp 
(oC) 
Time 
(min) 
Gas 
(lpm) 
Fe3O4 
(%) 
Isothermal
/10gm 
450 
60 
H2/ 
1lpm 
86 
500 90 
550 92 
600 89 
Counter 
current/ 
10kg 
450 
60 
H2/ 
30lpm 
91 
475 93 
500 96 
525 95 
FBR/1kg/ 
powder 
450 
60 
H2/ 
20lpm 
97 
500 98 
550 92 
FBR/1kg/ 
micropelle
t 
450 60 
H2/ 
20lpm 
96 
550 60 75 
550 90 60 
650 60 73 
 
3. Results and Discussion 
A few of the typical results on conversion of 
hematite to magnetite have been consolidated in 
Table 1. It may be noted from the Table that with 
increase in temperature from 450-5500C, the % 
conversion increases from 86-92 %. However 
there appears to be a tendency in drop of 
conversion when temperature is further increased 
45 
 
to 6000C. Visual observation indicated a 
consolidated layer on the exposed surface of the 
sample bed, possibly affecting transport of reactant 
and product gases.  
Above findings were utilized to conduct 
experiments in a scaled up unit at 10 kg scale. 
Provision was made for rotation and longitudinal 
movement of the sample bed. Continuous renewal 
of the reacting solid material was found to 
significantly improve conversion. Figures 3 and 4 
present the microstructure and XRD of magnetite 
produced at 500oC 
Results on study in the fluidized bed reactor with 
powder, employing conditions, similar to those of 
counter current reactor indicate that magnetite 
conversion reaction appears to be complete at 
temperature as low as 450oC. 
         
Figure 3 SEM of magnetite particle for counter current 
reactor at 500oC 
However, as per expectations, specific 
consumption of reducing gas was found to be 
higher in FBR. 
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Figure 4 XRD of magnetite particle for counter current 
reactor at 500oC 
To address one of the commonly encountered 
problem of balling of fines in FBR, reduction 
experiment were carried out with micro pellet in 
similar temperature range as in previous set of 
experiments. While percentage of Fe3O4 at 4500C 
was comparable with powder sample, conversion 
was found to decrease with increase of both time 
and temperature. Reason for such observation is 
yet to be fully ascertained.  
Table 2 summarizes a few typical results of 
experiments on reduction of hematite fines to 
metallic iron.  
Table 2 Results on conversion of hematite to metallic 
iron 
Heating 
cycle/p
article 
Temp 
(oC) 
Time 
(min) 
Gas FeM 
(%) 
Isother
mal/sub
-micron 
450 60 
(120) 
H2/ 
1 lpm 
46 
(77) 
500 60 
(120) 
48 
(82) 
550 60 
(120) 
62 
(85) 
600 
120 
79 
650 79 
700 65 
Isother
mal/27
µm 
700 
45 
H2/ 
1 lpm 
88 
800 92 
Step/ 
27µm 
400+700 
30+15 
H2/ 
1 lpm 
85 
500+700 84 
500+800 87 
Progra
m/27µ
m 
400 - 700 
45 
H2/ 
1 lpm 
75 
500 - 700 87 
500 - 800 93 
 
 
 
Figure 5 SEM of iron powder for 27 µm particle at 
800oC 
To prepare metallic iron below 570oC, effort was 
made to counter the envisaged kinetic 
disadvantage at low temperature by using 
submicron sized particle, having high surface area. 
It may be noted from the Table that, though 
2θ 
In
te
n
si
ty
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percentage of FeM increased with increasing 
temperature, no substantial reduction could be 
achieved even at 60 minutes. Noticeable 
improvement could be observed with increase in 
time to 120 minutes as has been presented in 
brackets in the Table. However, at temperature 
higher than 5500C, the conversion decreased 
remarkably, possible due to sintering of micro 
fines in fixed bed. When particle size was 
increased to 27µm, extent of sintering was 
reduced, even at higher temperature and thus 
increasing degree of metallization with lower 
reduction time. Figure 5 presents the 
microstructure of iron powder produced at 800oC 
In any continuous production unit, raw material 
undergoes gradual heating to reaction temperature. 
To simulate such situation, the iron oxide particles 
were subjected to programmed heating in the 
temperature range of 400-8000C. It may be 
observed from Table 2, that good metallization 
could be achieved when the powder is heated upto 
8000C. The conversion is expected to further 
improve, if surface renewal could be imposed 
during reduction. 
4. Conclusion 
i. Series of experiments conducted under various 
system configurations and treatment conditions 
could establish feasibility of producing high 
quality magnetite from waste iron oxide of steel 
plant. The results obtained are being translated for 
commercial exploitation. 
ii. Findings of reduction study of iron oxide fines 
by H2 indicate towards possibility of continuous 
production of highly metalized powder. 
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Abstract: Many factors have been identified as affecting mass transfer during slag metal reactions including; 
changes in effective surface area due to emulsification or surface poisoning, increases in surface renewal through 
bubble formation, or in some cases stable bubble layers retarding the reaction. Analysis of these factors is 
complicated by the fact the driving force may shift, the rate controlling step may change and changes to the 
composition of the phases may have a profound influence on their transport properties. The current paper will 
review the various factors that may affect mass transfer during reaction between metal and slag and will use 
examples from recent work in the authors’ laboratory to develop a quantitative analysis of these factors. Finally we 
will attempt to develop criteria to define conditions where each effect will dominate and discuss how this might be 
applied in modeling steelmaking processes. 
 
Keywords: Gas bubble, mass transfer, slag-metal reaction, oxygen steelmaking. 
 
1. Introduction 
Slag metal reactions are typically controlled by 
mass transport. They are often difficult to describe 
by simple rate equations because of transient 
effects[1], reaction induced emulsification[2,3], 
suppression of emulsification the presence of gas 
bubbles[4, 5], reduction in transport paths by 
bubbles or changes in transport properties due to 
changes in slag composition[4]. The current paper 
reviews recent observations by the authors 
regarding mass transport during slag metal 
reactions and suggests theoretical treatments for 
the observed phenomena.  
2. Results and Discussion 
2.1. Effect of gas bubble on mass transfer 
coefficient  
Studying the reaction of Fe-C-S-P droplets with 
foamy slag, Gu et al[4], showed that the mass 
transfer coefficient for FeO in the slag, 𝑘𝐹𝑒𝑂, was 
an almost perfect linear function of the liquid slag 
fraction, as illustrated in Fig. 1. This result is 
expected considering the transport pathway to be 
through the liquid.  
Jamieson and Coley[5] made a similar observation 
during reaction of MnO bearing slag with Fe-Si 
droplets. SiO bubbles, shown in Fig. 2(a), formed 
around the droplet after the initial stages of 
reaction restricting the transport pathways, for 
MnO, to those illustrated by the black arrows in 
Fig. 2(b). The effect of this bubble layer on the 
kinetics is seen in Fig. 3 (a), where the trend line 
plotted for mass transport of MnO intersects the 
ordinate at -0.002 when it is known for absolute 
certainty that at t=0 the value must be 0. The 
physical meaning of this contradiction is that there 
is a much faster reaction during the initial stages, 
not captured in the measured data. By assuming a 
hexagonally close packed layer of bubbles, 
Jamieson and Coley[5] showed the available 
transport path would be reduced to 11% of the 
bubble free case. 
 
Figure 1 𝒌𝑭𝒆𝑶 as a function of the liquid fraction of slag
48 
 
 
 
Figure 2 Silicathermic reduction of MnO: (a) gas 
bubbles in the slag, (b) schematic of restriction in 
transport path 
By assuming the transition occurred at 6 seconds, 
these workers estimated an initial mass transfer 
coefficient 10 times that obtained for longer times, 
in excellent agreement with the estimated effect of 
the bubble layer. 
2.2. Relationship between total iron oxide and 
𝒌𝑭𝒆𝑶  
Recent work in the authors’ laboratory[4] showed 
the mass transfer coefficient of FeO in the slag 
𝑘𝐹𝑒𝑂 taken from a range of studies, was very well 
correlated with the square of the total iron oxide 
content (“FeO”), as illustrated in Fig. 4. These 
workers noted that this finding is consistent with a 
mechanism that requires charge balancing by 
electronic conduction. 
Figure 3 Silicathermic reduction of MnO from slag: 
(a)Kinetic plot for showing dynamic mass transfer 
coefficient during the reaction, (b) Expanded version of  
kinetic plot at early reaction times, solid  line is identical 
to the line shown in (a) 
Fig. 5 shows the mass transfer coefficient of FeO, 
plotted against, ionic, electronic, and total 
conductivity calculated using the model of Barati 
and Coley[6] for the subset of the cases shown in 
Fig. 4 for which the ferric to ferrous ratio in the 
slag is known or can be estimated[4,7,8].  It appears 
from Fig. 4 that the mass transfer coefficient is 
correlated most closely with electronic 
conductivity, which suggests electron transfer is 
the dominant mechanism by which charge 
balancing is achieved 
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Figure 4 𝒌𝑭𝒆𝑶 as a function of total iron content in the 
slag: (a) Low liquid fraction and (b) High Liquid 
fraction 
2.3. Effect of CO nucleation on mass transfer 
of Phosphorus 
The authors recently demonstrated that 𝑘𝑚 , the 
mass transfer coefficient of phosphorus in the 
metal, was strongly influenced by CO bubble 
formation[9]. Combining Higbie’s penetration 
theory [10] with the theory of nucleation of bubbles 
they derived Eq. [1] to describe the mass transfer 
coefficient 
𝑘𝑚 = [
ℎ𝐶ℎ𝑂𝐷𝜇
𝜋𝜎
𝐾𝐶𝑂]
1/2
   [1] 
where ℎ𝐶  and ℎ𝑂  are the henrian activities of 
carbon and oxygen respectively, 𝜎  represents the 
surface tension of the liquid metal, 𝐷  is the 
diffusivity of phosphorus in the metal (cm2/s), 𝜇 is 
CO gas velocity across the slag/metal interface 
(cm3/cm2s), and 𝐾𝐶𝑂 is the equilibrium constant for 
CO bubble foramtion. This model shows good 
qualitative agreement with mass ttransfer 
coefficients determined over a wide range of 
conditions but requires further work before it can 
be fully predictive. 
Figure 5 𝒌𝑭𝒆𝑶 as a function of: (a) ionic conductivity, (b) 
electronic conductivity and (c) total conductivity 
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4. Conclusion 
A number of factors affect mass transport during 
slag metal reactions. Some of these may interact in 
ways which complicate analysis. In the foregoing 
work the authors have illustrated that: 
1. The inhibiting effect on mass transport of 
relatively static bubbles can be quantified by 
considering their effect on transport pathways. 
2. The mass transfer coefficient of oxygen in slag, 
nominally FeO, is quantitatively related to 
electronic conductivity.  
3. The effect of CO bubble formation on mass 
transport in liquid iron is reasonably well 
represented by a combination of Higbies 
penetration theory and gas bubble nucleation, 
however more work is required to develop a 
quantitative prediction. 
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Abstract: Simulation of steelmaking processes presupposes an understanding of the mechanisms involved in the 
reactions at the micro level. This presentation illustrates some of the experimental designs for monitoring some 
two-phase reactions involving slags. Slag viscosities were measured by the rotary cylinder method, in the 
Newtonian range. The flow patterns were mapped by CFD calculations. The slag viscosities may change due to 
the reactions occurring during the process, such as refractory dissolution or precipitation of specific phases 
during cooling. The change of viscosities due to alumina dissolution in the slag is presented. Experiments were 
designed to follow the reaction between dense MgO refractories and synthetic slags with and without CaF2. The 
interdiffusivity of Mg in the product layer was evaluated. Evaporation of slag components from slag surfaces 
were studied by suitable experimental designs. Experiments were successfully designed to study the diffusivities 
and interfacial velocities of sulphur in slags.   
 
Keywords: slag viscosity, experimental measurements, CFD 
 
1. Introduction 
Steelmaking and steel refining reactions are 
mostly multi-phased. An understanding of the 
mechanisms underlying the reactions between 
slag and steel melt, slag and refractory, slag and 
gas phase as well as three-phase reactions are 
essential in micro-modelling of the processes and 
upgrading to the macrolevels. Studies of such 
phenomena involve proper designing of the 
experiments. Visualization experiments as well 
as monitoring property changes as functions of 
the progress of the reaction are important 
ingredients of the studies of micromodels. The 
present paper aims to present some of the 
experimental designs by the present authors 
conceived to study process phenomena. 
2. Dynamic viscosity measurements of 
mould flux slags 
Viscosity is a bulk property and is very important 
in understanding the flow phenomena in steel 
refining. Viscosity is normally measured by the 
rotating cylinder method. Experiments were 
designed to follow the evaporation rate of 
fluorides from mould flux slag which would 
increase the viscosities and will have an impact 
on heat transfer as well as the absorption of 
inclusions from the steel[1]. The most important 
reactions that governs the fluoride escape is: 
2CaF2(sl.)+ SiO2(sl.)  
                =2CaO(sl.)+SiF4(g)               (1)  
Thermodynamic calculations show that reaction 
(1) forms the major source of fluoride loss from 
mould flux slags. It should be possible to follow 
the viscosity changes in the dynamic mode and 
follow the evaporation of CaF2 from the slag. In 
order to carry out this, fluid flow calculations are 
necessary. Assuming isothermal conditions and 
that that the flow is axi-symmetric, the 
calculations were carried out using laminar 
Navier-Stokes equations. 
Figure1 Viscosity measurements arrangement[1] 
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A sketch of the viscosity apparatus is presented 
in Fig. 1. The flow pattern for Ar gas in the 
vertical tube furnace and the computed SiF4 
distribution in the vicinity of the crucible were 
computed.  The calculations revealed that the 
escape rate is uniform across the cross section of 
the crucible. As one moves away from the 
slag/gas interface along the axial direction, the 
SiF4 concentration was found to decrease and 
attain a constant value near the mouth of the 
crucible. Since diffusion phenomenon was the 
dominating mechanism for mass transfer, the 
partial pressure of the volatile species as 
determined by the slag composition has an 
important role in fluoride losses. 
Dynamic viscosity measurements were 
successfully applied for monitoring the rate of 
oxidation of Fe2+ in silicate slags under oxidizing 
conditions[2]. The viscosity was found to decrease 
with the increase of Fe3+ concentration and show 
a steep rise as Fe3O4 got precipitated. Viscosity 
measurements were also conducted in the 
dynamic mode in order to follow the dissolution 
of alumina in molten slags by a novel 
experimental design, with a dense alumina disc 
fixed at the bottom of the crucible with the slag 
above[3]. The viscosity was followed as a 
function of time and the slag composition was 
determined by post-experiment analysis. The 
mechanism of alumina dissolution was attributed 
to the counter-diffusion of slag components in 
the solid alumina and dissolution of the reaction 
product in the slag. The apparent activation 
energy for dissolution was estimated to be 186 
kJ. mol-1. 
3. Dynamic studies of the crystallization of 
ferrites from slags[4] 
EAF slags contain up to 30 wt % FeO and these 
slags are being dumped for want of an 
economically viable process for recovery. 
Oxidation of the slags to magnetite or magnetic 
ferrites can be an attractive method for the 
recovery of metal values from slag rejects. Based 
on initial thermodynamic calculations, 
experiments were carried out by 
thermogravimetry in order to follow the kinetics 
of oxidation of ferrous to ferric. The studies were 
expended to Mn-containing slags so that the 
value-added magnetic compound, MnFe2O4 can 
be precipitated. The product were examined and 
the ferrite precipitation was confirmed.  
Thermogravimetric studies were performed in 
order to follow the mass changes due to the 
oxidation of the slag and the formation of the 
ferrite. In order to follow the nucleation and 
growth of manganese ferrite, experiments were 
performed with confocal laser microscopy 
(CFLM). The apparatus used (Fig. 3a) and the 
sequence of the crystallization phenomenon (Fig. 
3b) are presented in Fig. 3.  
 
(a) 
 
 
 
 
 
 
 
 
 
              (b)  
Figure 3 Confocal microscope studies of the 
precipitation of MnFe2O4. (a) The gold-plated furnace 
chamber of CFLM unit and (b) nucleation and growth 
of MnFe2O4. 
In Fig.3b, the starting sample is seen in the top 
left. Below this, the liquid slag is shown all in 
argon atmosphere. The liquid slag was then 
slowly cooled to the aimed temperature in argon 
gas to the reaction temperature, in this case 1623 
K and kept at this temperature (Fig. (3b, down, 
left). Air was introduced into the system. The 
time before the air reached the sample surface for 
the current gas flow rate was found to be 
approximately 40 sec. The first crystal was 
observed after 72 sec of air introduction (see 
Figure 3b, top right). With time, the crystals grew 
(Figure 3b, bottom right). The observed crystal 
size at the onset of the formation was ≤4 μm. 
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With time, crystals were growing and reaching in 
some cases 40 μm. The method was further 
developed in order to separate the MnFe2O4 
crystals formed from the bulk slag using crossed 
electric and magnetic fields.  
4. Erosion of magnesia refractories by slags 
Erosion of MgO refractories by slags is a serious 
problem. Finger experiments were conducted by 
dipping dense MgO rods in CaO-FeO-SiO2 slags 
and follow the rate of erosion under natural 
convection state. The dipped MgO rods were 
periodically taken out and examined 
microscopically[5]. The results showed the 
formation of a magnesiowüstite layer which 
subsequently dissolved in the slag. The 
experiments were also repeated with similar slags 
containing CaF2[6]. From the results, the 
diffusivities of Mg as a function of Mg content in 
the solid solution layer formed could be 
estimated. The results also yielded the 
diffusivities of MgO in the molten slag could 
also be estimated.  
5. Evaporation studies of slag components 
from liquid slags 
Fluoride evaporation studies from mould flux 
slags as well as V2O5 evaporation from steel 
slags were also carried out by conventional TGA 
technique.  
6. Diffusivities and interfacial velocities 
Experiments were specially designed to study the 
diffusivity of S in slags[9],[10] as well as to 
measure the velocity of S at slag/metal interface. 
A special crucible was designed for safe 
sampling. A X-ray visualization technique was 
used to monitor the vibrations of the steel drop 
immersed in slag.  
7. Summary 
The present paper summarizes the design aspects 
of experiments to monitor the reactions with 
reference to steelmaking. Traditional techniques 
are modified to study the phenomena and newer 
designs were made to follow the reactions in the 
dynamic mode.  
 
 
 
(a) 
 
(b) 
Figure 4 SHTT measurements of the loss of V from 
steelmaking slags (a) The set-up; (b) Results 
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Abstract:  Investigations into the evolution of inclusion populations during ladle processing and continuous 
casting are reviewed.   Details of the steelmaking practices employed in BOP and EAF steelmaking have been 
observed to have a strong influence on the size distribution, quantity, composition, phases and morphology of 
the final inclusion population delivered to the caster.  Examples of the effects of different processing paths on 
the evolution of inclusion populations are presented.  The importance of preexisting inclusion populations on 
the formation and removal of new inclusion populations is also reviewed and discussed. 
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1. Introduction 
The evolution of an inclusion population in the 
ladle is influenced by many factors, such as the 
type and size distribution of the parent inclusions 
in the steelmaking vessel at tap, the level of 
oxygen at tap, the amount of slag carryover from 
the steelmaking vessel, the type, quantity and 
timing of synthetic slag additions to the ladle, the 
type and timing of deoxidant additions and the 
timing and intensity of stirring in the ladle to 
name a few. Through plant studies and 
laboratory experiments, an understanding of how 
some of these factors affect the inclusions 
characteristics is discussed. Different heats were 
followed, and samples were taken at different 
times and stages of the steelmaking process.  
2. Sampling procedure and analysis 
Immersion lollipops were taken at different 
times and locations during steelmaking. In lab 
studies, immersion and vacuum pin samplers 
were used. To minimize the presence of MnS 
inclusions formed during slow cooling, the 
sample surface was mounted and polished to a 
1μm finish using diamond paste.  Inclusion 
analysis was performed using the Aspex Pica 
1020 SEM with EDS capability. Scans were 
performed at a magnification of 750X and a step 
size of 0.42μm. To represent the inclusion 
composition, a joint ternary plotting method with 
color coding was employed. Using this method, 
each ternary segment represents a distinct 
inclusion composition and hence, the whole 
inclusion population can be viewed in a single 
diagram. 
3. Factors affecting the Inclusion 
Characteristics 
3.1 Pre-Existing Inclusions and Method of 
Deoxidation  
Deoxidation normally drives the first stage of 
inclusion evolution in the ladle. Aluminum, 
manganese, and silicon are typical deoxidants 
because of their strong affinity for oxygen, low 
dissolved oxygen residual, and formation of 
insoluble compounds [1]. Al2O3 and MnO·SiO2 
inclusions are solid and liquid respectively at 
1600ᵒC. Due to its liquid nature, MnO·SiO2 is 
normally spherical while the shape of Al2O3 
varies with oxygen levels at tap [2].  
The size and shape of the starting inclusion 
population in the ladle varies greatly depending 
upon the steelmaking practice. Pre-existing 
MnO·SiO2, inclusions have been observed to 
produce spherical Al2O3 inclusions [2]. In an EAF 
mini-mill study, similarities in the size 
distribution before and after deoxidation, shown 
in Figure 1, suggest that inclusion size after 
deoxidation is controlled by the size of the pre-
existing inclusions. In this study, the steel was 
tapped at ~1000ppm and SEM analysis showed 
that the steel contained primarily FeO inclusions 
before deoxidation.  After deoxidation, Al2O3 
inclusions were observed and both the Al2O3 and 
FeO inclusions exhibited a similar population 
density shape and size distribution. The overall 
lower number density of the Al2O3 inclusions is 
the result of inclusion agglomeration and 
flotation. 
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Figure 1 Size distribution of FeO inclusions before 
and Al2O3 inclusions after deoxidation (Figure shows 
similarities in both shape and size range) 
 
Apart from inclusion shape and size distribution, 
the inclusion composition can also be different 
from what would be expected from equilibrium 
calculations. In two different mini mill plants, 
samples analyzed after aluminum deoxidation 
showed that plant ‘A’ contained calcium 
aluminates and plant ‘B’ contained Al-Mg oxide 
spinels. The inclusion composition for both 
samples is shown in Figure 2.  In plant ‘A’, lime 
rich synthetic slag additions and aluminum were 
added at the same time after EAF tap while in 
plant ‘B’ deoxidant was added to the tap stream 
during EAF tap. With the kill-on-tap practice, 
the stream provides additional energy to promote 
the reduction of MgO from slag, promoting 
spinel formation. In a separate experiment where 
the practice was changed to killing after tap, 
Al2O3 rather than Al-Mg oxide spinels formed.  
 
 
 
  
 
 
    (a) 
 
 
 
 
       
    (b) 
Figure 2. Inclusion composition observed after 
deoxidation in (a) plant ‘A’, and (b) plant ‘B’ (Plant 
A contained mainly calcium aluminate and plant B 
contained magnesium spinels) 
Removal of inclusions from liquid steel is 
dependent on the inclusions size and interfacial 
energy [3]. For similar inclusion types, larger 
inclusions will float out more readily than 
smaller inclusions. Also, the larger the interfacial 
energy, the more readily the inclusions 
agglomerate and float. Table 1 lists the 
interfacial energy for different inclusion types [4]. 
It suggests that Al2O3 will float out more easily 
than other inclusion types. By controlling the 
inclusion composition and size after deoxidation, 
inclusions which readily float out can be 
generated and thus, cleaner steel can be 
produced. 
Table 1 Interfacial Energies for Different Inclusion 
Types in Steel 
Inclusion Interfacial Energy 
(erg/cm^2) 
Al2O3 2290 
MnO·SiO2 1000 
CaO· Al2O3 1300 
 
3.2 Steel Grade and Ladle Stirring 
Desulfurization is carried out at the LMF for 
steels produced by the EAF steelmaking route. 
During this process, the steel is mixed with a low 
oxygen, MgO saturated, lime rich slag by stirring 
with argon gas. Although desulfurization is 
normally not practiced for steel produced by 
BOP, argon stirring is still performed because it 
aides inclusion removal via bubble attachment. 
Figure 3 shows the change in inclusion content 
with time at the LMF of an EAF mini-mill.  The 
reduction in inclusion number density before 
calcium treatment is due to argon stirring and 
inclusion removal. 
 
Figure 3 Reduction in number density with time due 
to argon stirring in a mini mill 
 
In aluminum killed steel, transformation from 
alumina to Al-Mg oxide spinel occurs during 
desulfurization. This is due to MgO reduction 
from the slag by aluminum [5].  In high 
manganese, silicon containing steel grades, 
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transient manganese spinels have also been 
observed at the LMF in plant studies. Figure 4 
shows the inclusion composition for a sample 
taken during production in a BOP steelmaking 
facility. It shows the presence of both silicates 
and Al-Mn spinels during stirring at the LMF. 
With time, transformation from Al-Mn oxide 
spinels to Al-Mg oxide spinels was observed, but 
that the reaction was very sluggish. Some heats 
still contained significant amounts of Al-Mn 
oxide spinels in final LMF samples. Figure 5 
shows the phase diagram for the MnO-MgO-
Al2O3 system calculated using FactSage 6.4 and 
the FactPS, FTMisc, and FToxid databases. It 
shows that some cross-solubility exists between 
the Al-Mn and Al-Mg spinel phases Depending 
on the local composition, both inclusion types 
can be stable. 
 
Figure 4 Inclusion composition showing presence of 
manganese aluminates at a BOP facility 
 
 
 
Figure 5 Phase diagram of the MnO-MgO-Al2O3 
system 
 
3.3 MgO content in slag, reoxidation, and 
presence of CaS inclusions 
Calcium is added to the LMF to modify existing 
solid alumina and spinel inclusions to liquid 
inclusions [6]. These liquid inclusions do not clog 
submerged entry nozzles (SEN), and are 
spherical in shape. Both alumina and Al-Mg 
oxide spinels can be modified by calcium. 
However, CaS and MgO rich inclusions have 
also been observed in plant studies after Ca 
treatment. In Figure 3, an increase in the number 
density of inclusions after calcium treatment was 
observed. This is due to formation of CaS 
inclusions. These inclusions are solid at 1600ᵒC 
and can clog SEN’s. Figure 6 shows the result of 
a thermodynamic calculation using FactSage 6.4. 
The calculation was done at 1600ᵒC for a typical 
line pipe steel grade containing Al-Mg oxide 
spinels. The results of the calculation shows that 
CaS inclusions can be formed from excess 
calcium additions. The formation of MgO 
inclusions during calcium modification is also 
predicted. MgO inclusions have also been 
observed in industrial samples.   FactSage 
calculations with low initial Al-Mg oxide spinel 
content did not predict MgO inclusions after Ca 
treatment. 
 
 
Figure 6 Thermodynamic calculation showing the 
formation of MgO during calcium modification of 
MgO saturated spinel 
 
Steel reoxidation has been observed during ladle 
transfer in mini mills, resulting in changes from 
liquid calcium aluminates to solid calcium 
aluminates, alumina and spinel [7]. In the 
example shown in Figure 7, a plot of the area 
fraction and inclusion size for samples taken at 
different times in a laboratory study is shown. In 
this study, the steel was alloyed with manganese 
and silicon and then deoxidized with aluminum. 
Due to reoxidation in the experiment, the Al2O3 
inclusions formed after the Al addition gradually 
transformed to MnO·SiO2 inclusions as the 
aluminum was depleted and Al2O3 agglomerated 
and floated from the system.  It is interesting to 
note that the population of the MnO·SiO2 
inclusions that formed after the aluminum was 
depleted were much smaller and appeared to 
nucleate independently from the pre-existing 
Al2O3 inclusions. 
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In mini-mill samples taken at LMF final and 
from the tundish at different times during the 
startup of the 1st heat in a sequence,  the presence 
of CaS inclusions has been observed to act as a 
source of calcium to modify inclusions formed 
by reoxidation. The proposed reaction 
mechanism is given by equations 1 and 2.  
               (CaS) + [O] = (CaO) + [S]                (1) 
             (CaO) + (Al2O3) = (CaO∙Al2O3)          (2) 
Figure 8 shows the inclusion composition for a 
sample taken after 90% of the steel had been 
transferred to the tundish. In tundish samples 
taken early after startup, evidence of reoxidation 
is normally observed by the presence of Al rich 
or unmodified spinel inclusions. However, as 
observed in this sample, the inclusions present 
are still fully modified liquid calcium 
aluminates.  An increase in the amount of MnS 
inclusions was also observed, indicating S has 
transferred to the steel. 
 
Figure 7 Change in inclusion composition and size 
distribution resulting from steel reoxidation 
 
4. Conclusion 
Through plant and laboratory studies, the effects 
of different steelmaking practices on inclusion 
evolution have been presented and discussed.  
After deoxidation, the inclusion size 
distribution, shape and composition depends on 
pre-existing inclusions and the method and 
timing of deoxidation. 
Depending on steel chemistry, transformation 
of alumina to Al-Mg or Al-Mn oxide spinels can 
occur.  
Excess Ca additions during calcium treatment 
can produce CaS and increase the inclusion 
content. Depending on steels Mg content, MgO 
rich inclusions can be produced after Ca 
treatment. 
Liquid steel reoxidation changes both the 
inclusion size and composition. CaS formed after 
calcium treatment can act as a source of Ca to 
modify newly formed reoxidation inclusions. 
 
 
Figure 8 Inclusion composition during ladle transfer 
(Modified calcium aluminates are observed and result 
from CaS reaction with newly formed inclusions after 
reoxidation) 
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Abstract: Non-metallic inclusions in steel evolve continuously during liquid steel processing and solidification. 
Oxide inclusions evolve because of changes in the steel composition and slag entrapment; the steel composition 
is affected by intentional additions and by chemical reaction of steel with refractory and slag. As an example, 
alumina inclusions change to spinels by reacting with magnesium that the steel picks up from slag or refractory. 
The rate of change in inclusion composition is readily predicted using kinetic modeling, based on mass transfer 
control and local equilibrium at the steel-slag, steel-refractory and steel-inclusion interfaces. Local equilibrium is 
calculated with a suitable thermodynamic database and free energy minimizer, such as FactSage. Oxide inclusions 
change during solidification because of the temperature dependence of deoxidation equilibria, partitioning of 
elements to the liquid metal, and precipitation of sulfides.  
Keywords: steelmaking, oxide inclusions, secondary metallurgy, solidification 
1. Introduction 
Control of the composition and concentration of 
nonmetallic inclusions is an essential part of clean 
steelmaking. The focus in this paper is on oxide 
inclusions; inclusions change during processing 
because of both intentional and unintentional 
reactions. Calcium treatment of alumina or spinel 
inclusions results in an intentional change in 
inclusion composition (from alumina to calcium 
aluminate) and physical state (from solid to 
partially or fully liquid), with a beneficial effect 
on steel castability. Examples of unintentional 
changes are formation of spinel inclusions in 
aluminum-killed steel, by reaction of magnesium 
dissolved in the steel from refractory or slag, and 
formation of alumina or spinel inclusions by 
reoxidation (exposure of deoxidized steel to a 
source of oxygen such as air, water vapor, or 
readily reduced oxides such as FeO or MnO). 
2. Inclusion evolution during ladle 
treatment 
Some of the reactions and processes that can 
cause changes in the composition and 
concentration of oxide inclusions during 
secondary metallurgy are summarized in Fig. 1. 
These include (1) transfer of elements from slag, 
refractory and alloying additions to steel (the 
example shown is reduction of MgO from slag by 
Al dissolved in steel); (2) reaction of elements 
transferred from slag and refractory with 
inclusions in the bulk steel (the example is MgO 
pick-up by alumina inclusions); (3) removal of 
inclusions from the steel by their flotation to and 
absorption by the slag; (4) flow instability at the 
slag-steel interface causing transfer of slag 
droplets to the steel; (5) agglomeration of 
inclusions; and (6) reoxidation  of the steel (the 
example is for steel exposed at the "eye" formed 
above the argon stirring plume).  
A potential problem in modeling these processes 
is the wide range of sizes: from micro-inclusions 
(a few microns in diameter) and argon bubbles 
(several centimeters in diameter), to the total steel 
volume (several meters). However, it was found 
that several of the processes (steps 1 to 3 in Fig. 1) 
can be modeled rapidly and accurately by 
describing the steel-slag and steel-refractory 
reactions and inclusion flotation with a single 
mass transfer coefficient[1,2].  
 
Figure 1 Schematic of reactions and processes that 
contribute to changes in oxide inclusion composition 
and concentration during secondary metallurgy 
Such modeling is facilitated by the relative 
importance of mass transfer resistances at the 
steel-slag and steel-inclusion interfaces: mass 
transfer in the steel to the inclusions is relatively 
rapid, so the steel-inclusion reactions approach 
equilibrium – the rate-controlling step is pick-up 
of dissolved elements by the steel through steel-
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slag and steel-refractory reactions. This means 
that modeling of the change in inclusion 
composition relies on quantifying bulk steel 
composition, and the total concentration of 
inclusions in the steel. Changes in bulk steel 
composition can occur by alloying additions, 
reoxidation, and reactions with refractory and 
slag. Flotation, reoxidation and slag entrainment 
also cause changes in inclusion composition.  
For ladles that are soft-stirred, the dominant rate-
controlling processes are steel-slag and steel-
refractory reactions, and inclusion flotation. 
These are readily quantified using effective mass 
transfer coefficients, and a method of calculating 
the local equilibrium at the reaction interface. 
FactSage[3] has been useful for such calculations, 
in particular using macro scripts to execute the 
repeated local equilibrium calculations needed to 
quantify reactions under mass transfer control[1]. 
In this context, there are two main reasons why 
inclusion flotation kinetics is important: Most 
obviously, the concentration of inclusions in the 
steel (which is related to the "total oxygen" of the 
steel) decreases because of flotation. Equally 
important is the mass balance effect of flotation: 
as the steel becomes cleaner by inclusion 
flotation, a given mass of elements picked up by 
the liquid steel (such as by steel-slag reaction) 
would cause a larger effect on the composition of 
the remaining oxide inclusions in the steel. That 
is, in cleaner steel, oxide inclusions change more 
readily in response to steel-slag and steel-
inclusion reactions. 
3. Inclusion evolution after ladle processing 
After ladle processing, inclusion compositions 
and shapes would tend to continue evolving 
(during casting and rolling), in response to 
changes in temperature, steel composition and 
physical deformation. Inclusion compositions can 
change at relatively low temperatures in solid 
steel; a recently reported example is 
transformation of manganese silicate inclusions to 
chromium galaxite in stainless steel at reheating 
temperatures[4].   
More generally, such large changes in inclusion 
composition in solid steel are unusual, limited by 
the low concentration and low solid-state 
diffusivity of elements that can react with the 
inclusions. However, inclusion compositions can 
change substantially during solidification of the 
steel, by reaction of the existing inclusions and 
precipitation of new phases. As an example, the 
calcium sulfide ring that is commonly observed 
around calcium aluminate (oxide) inclusions can 
form during solidification[5]. Oxide inclusions 
may themselves change during solidification; 
spinel inclusions may reappear during 
solidification of calcium-treated steel (that 
contained calcium aluminates before 
solidification)[6]. While reappearance of spinels in 
calcium-treated steel is often an indication of 
reoxidation of the steel[7], spinels may also form 
by reaction during solidification, as discussed in 
more detail below. 
3.1 Calculation approach 
Equilibria of steel-inclusion reactions during 
solidification were calculated with FactSage 7.0[3] 
using the databases FSstel (to model the liquid 
steel, ferrite and austenite phases), FToxid (for 
liquid and solid oxides), and FTmisc (for the CaS-
MnS sulfides). Typical compositions of Al-killed 
and Ca-treated steels were considered (see the 
caption of Fig. 3 for the compositions). 
Results of such calculations give at best a broad 
indication of changes that might occur under 
processing conditions. The calculations depart 
from reality for the following reasons: 
First, full equilibrium calculations do not consider 
microsegregation, which would tend to increase 
the concentration of impurities such as sulfur in 
the remaining liquid steel, and extend the 
solidification temperature range. Second, kinetic 
limitations (such as mass transfer in the liquid 
steel and pushing or engulfment of inclusions by 
steel dendrites) may limit the actual extent of 
reaction. Third, the available databases may not 
fully represent the solution thermodynamics of 
oxygen, sulfur, calcium and magnesium. As an 
indication of this issue, Table 1 compares the 
partition coefficients of these elements (as well as 
aluminum and manganese) obtained from three 
sources: FactSage[3], published Fe-X binary phase 
diagrams[8-12], and Thermo-Calc[13]. The partition 
coefficient is the ratio of the equilibrium 
concentrations (mass percentages) of the element 
in the solid (ferrite in this case) and in the liquid 
(kδL=[%i]δ/[%i]Liquid). The values for FactSage 
and Thermo-Calc (TCFE9 and SLAG4 databases) 
were obtained by equilibrating the steel 
composition listed in the caption of Fig. 3a) at a 
temperature just below the liquidus.  
Table 1 Partition coefficients of elements between 
ferrite and liquid (kδL), from different sources 
 O Mg Ca S Al Mn 
PD 0.05 0.003 0.8 0.011 1 0.77 
FS 0 0.085 0.0002 0.040 1.14 0.74 
TC 0.06 0.44 0.052 0.032 1.14 0.75 
Sources – PD: Binary phase diagrams (refs. 8-12);  
FS: FactSage; TC: Thermo-Calc 
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Table 1 shows considerable difference between 
the partition coefficients for the same element, 
other than for Al and Mn. For oxygen kδL=0 for 
the FactSage calculations because the available 
database (FSstel) does not include any dissolved 
oxygen in the solid metallic phases – which means 
that use of this database would cause the degree 
of enrichment of dissolved oxygen in the 
remaining liquid steel to be overestimated. The 
solution thermodynamics of calcium in steel is 
poorly known, as reflected in the divergence 
between the calcium partition coefficients taken 
from the available Fe-Ca phase diagram, and 
those of the FactSage and Thermo-Calc 
databases. 
Given these uncertainties, the results presented 
here cannot be taken to be an exact representation 
of actual inclusion changes during solidification. 
3.2 Results: possible inclusion evolution 
during solidification 
Inclusion compositions can change during 
solidification both due to the decrease in 
temperature favoring exothermic reactions (such 
as the deoxidation reactions) and enrichment of 
impurities in the remaining liquid metal. 
Precipitation of calcium sulfide is such an exo-
thermic reaction; the reaction can be written as 
follows: 
(2/3)[Al] + [S] + (CaO) ∏ (1/3)(Al2O3) + <CaS> 
 (1) 
(In this and subsequent reactions, square brackets 
identify species dissolved in steel, round brackets 
are for species in slag or liquid oxide, and pointed 
brackets are for solid phases.) 
Precipitation of CaS by reaction (1) is favored by 
higher Al and S concentrations, and by lower 
temperatures; the quantitative relationship 
(calculated with FactSage) is given in Fig. 2. 
 
Figure 2 Calculated relationship between [%Al] and 
[%S] for equilibrium of 50%CaO-50%Al2O3 (liquid) 
inclusions with solid CaS in liquid steel at two 
temperatures. The cross indicates the steel 
composition considered in subsequent calculations 
In Fig. 2, compositions above the line (for the 
relevant temperature) would lead to CaS 
formation; while the line at 1538 °C (melting 
point of pure iron) does lie at considerably lower 
concentrations than at 1600 °C, the steel 
composition considered in this work (marked 
with a cross in Fig. 2) would not undergo CaS 
formation even at 1538 °C – CaS precipitation 
would only start after the sulfur concentration in 
the remaining liquid increased as a result of 
partitioning during solidification, as also noted 
previously[5]. 
Calculated changes in inclusion composition 
during solidification are shown in Fig. 3, for two 
similar steel compositions, typical of clean 
aluminum-killed low-carbon steels. The 
difference is that steel (a) contained some Mg 
(readily picked up from slag or refractory during 
steel processing), whereas steel (b) contained no 
Mg. The Ca content of steel (b) was slightly 
higher to achieve fully liquid calcium aluminates 
(MgO in calcium aluminates expands the liquid 
composition region, allowing fully liquid oxide 
inclusions to be attained at lower calcium 
additions[7]). 
 
 
Figure 3 Predicted change in the equilibrium nclusion 
phases for solidification of steel with 0.1% C, 
0.25% Mn, 0.03% Al, 20 ppm S and 12 ppm Otot 
calculated with FactSage (a) steel with 4 ppm Mg and 
8 ppm Ca(b) steel with zero Mg and 10 ppm Ca 
The main predicted changes in inclusion 
composition (Fig. 3) can be summarized and 
explained as follows. Above the liquidus 
temperature, a small increase in the amount of 
oxide is found upon cooling, caused by removal 
of more oxygen from solution by the exothermic 
deoxidation reaction: 
(2/3)[Al] + [O] ∏ (1/3)(Al2O3)    (2) 
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Solidification causes oxygen to be rejected to the 
remaining liquid metal, further promotion oxide 
formation by reaction (2). Further cooling (to 
approximately 1520 °C) promotes CaS formation 
by reaction (1). However, the bulk of CaS 
precipitation is associated with formation of 
spinel: 
[Mg]+(4/3)(Al2O3) ∏ <MgAl2O4>+(2/3)[Al]  (3) 
Spinel formation is favored by the lower 
temperature, higher Al2O3 activity in the liquid 
oxide (caused by further deoxidation), and 
partitioning of Mg to the remaining liquid metal. 
(While reaction (3) shows the spinel product as 
stoichiometric MgAl2O4, in reality the spinel is a 
solid solution with a wide composition range at 
these temperatures[14].) 
In the absence of magnesium (Fig. 3b) the 
predicted changes upon solidification are not as 
marked: some CaS is predicted to form, and also 
solid calcium aluminates (resulting from the 
increased alumina produced by reaction (2)). 
From these calculations, spinel formation can be 
expected in Al-killed and calcium-treated steels 
during solidification, as practically observed in 
solidified slabs[6]. However, this reaction is not 
inevitable: lollipop samples of liquid steel (that 
take a few seconds to solidify) do not show this 
change[7]. The fundamental basis of the effect of 
solidification rate (and hence of section size) is 
not clear. It is not a difference in 
microsegregation, which is expected to be 
significant in both lollipop samples and slabs. 
Mass transfer in the liquid steel to inclusions may 
be limiting in this case (unlike steel-slag-
inclusion reactions in ladle processing), 
especially when the reactions involve elements 
such as Mg and Ca that are present at low 
concentrations in the liquid steel.  
Spinel formation is expected to be linked to other 
kinetically limited reactions during solidification. 
In titanium-alloyed steels, titanium nitride 
commonly forms during solidification; titanium 
nitrides readily nucleate on spinel inclusions 
(because of similar lattice parameters[15]). 
4. Conclusions 
Oxide inclusions continually change – in 
composition and concentration – during ladle 
processing. The fundamental driving force behind 
the composition changes is nonequilibrium 
between steel, slag and inclusions: the inclusions 
would tend to react until the activity of every 
species in the inclusions is equal to its activity in 
the slag and refractory. The inclusion composition 
changes occur by species transported into the steel 
from slag and refractory, and then to the 
inclusions by the liquid steel. 
Further changes in nonmetallic inclusions are 
expected to occur during solidification, caused by 
changes in equilibrium constant (temperature 
decrease), and in local steel composition 
(partitioning between liquid and solid metal 
phases). According to the calculation results 
presented here, substantial changes in calcium 
aluminate inclusions can be expected during 
solidification of aluminum-killed steel that 
contains some dissolved magnesium. The kinetics 
of such changes remains to be quantified. 
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Abstract: In the context of development of mathematical models for describing the effect of slag composition 
and temperature on the viscosity of slag, this paper focuses on two basic aspects: (i) coordination of Al3+ ion in 
the discrete anionic units, and (ii) modification of the structure of slags by CaF2. Based on the degree of 
correlation of the average molar mass of the anionic flow units with the viscosity values, results of Al-nuclear 
resonance studies on CaO-SiO2-Al2O3 glasses, and results of conductivity measurements on CaO-SiO2- Al2O3-
CaF2 slags, it has been argued that (i) the 3-fold coordination model for the Al3+ ion is better than the 4-fold 
coordination model, and (ii) the existence of CaF+  ions attached to singly bonded oxygen ions, as proposed by 
Baak, is credible. In addition, a simple but effective approach to the model development has been demonstrated 
for the continuous casting mould fluxes and secondary refining slags. 
Keywords:  Viscosity, structure, metallurgical slags, mould fluxes 
1. Introduction 
The efficiencies of many high-temperature 
metallurgical processes, such as the blast furnace 
ironmaking, basic oxygen steelmaking, and 
continuous casting, rely heavily on the viscosity 
of the slag used. As the slag viscosity is mainly 
determined by its structure in the molten state, 
considerable effort has been made to understand 
the effect of slag composition and temperature 
on the structure of slag [1-3].  
Further, measurement of slag viscosities is time 
consuming and requires considerable expertise. 
Therefore, over a period of last three decades, a 
large number of viscosity models have been 
proposed by the researchers for describing 
variation in the viscosity with the slag 
composition and temperature [4-6]. These models 
range from simple data fitting regression 
equations to a sophisticated quasi-chemical 
model. While Arrhenius equation has been most 
commonly used to describe the temperature 
dependence of viscosity, non-Arrhenius equation 
has also been used [7]. Surprisingly, irrespective 
of the approach adopted, the average prediction 
error remains quite high (20-30% in most cases). 
This paper focuses on two basic aspects: (i) 
coordination of Al3+ ion in the discrete anionic 
units, and (ii) role of CaF2 in modification of the 
structure of the molten silicates. In addition, a 
simple but effective approach to the model 
development has been demonstrated for the 
continuous casting mould fluxes and secondary 
refining slags.. 
2. Structure of molten alumino-silicates 
It is now well established that molten 
metallurgical slags are predominantly ionic in 
nature, containing large discrete anions (DAs). 
For the binary system MO-SiO2, the discrete 
anions can be represented by (Si3xO6x+3)6-, 
(Six+2O2x+8)8-, and (Six+3O2x+11)10-, where x can 
take integer values starting from 1 [1]. Depending 
on the composition and temperature, smaller 
anions such as (SiO4)4-, (Si2O7)6-, and O- can also 
be found. In the case of the ternary system, MO-
SiO2-Al2O3, it is generally believed that like Si, 
Al also occurs in tetrahedral coordination with 
oxygen in the aluminosilicate anions, provided 
the molar ratio of MO and Al2O3 is greater than 
1. However, Gupta [8,9] argued that as Al can 
form only three bonds, in the discrete anionic 
units it is surrounded by only three oxygen 
atoms, two of which are shared with two Si 
atoms and the third one is supported by Al atom 
independently   (Fig.1). It was shown that the 
values of molar average mass of discrete anions 
calculated assuming a 3-fold coordination for Al 
provided a better comparison of the viscosity 
values of the CaO-SiO2 and CaO-SiO2-Al2O3 
slags as compared to the ones corresponding to a 
4-fold coordination for Al. For example, in Table 
1, a comparison of the values of viscosity and 
molar average mass of discrete anions for slags 1 
and 2, 3 and 4, 5 and 6, and 6 and 7, will show 
that only the 3-fold coordination model can 
properly account for the observed variations in 
the viscosity with the slag composition. This 
point is better understood from Fig. 2 where it 
can be seen that the points for the ternary slags 
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corresponding to the 4-fold coordination for Al 
are far removed from the trend line. In addition 
to the molar average mass of the discrete anions, 
charge considerations are also important. In the 
case of a 4-fold coordination for Al, the ternary 
slag is expected to be more viscous than the 
binary slag if the molar average mass of the 
discrete anions is same for both the slags. This 
follows from the fact that due to the presence of 
the trivalent aluminium, a greater number of 
Ca++ ions are required to maintain the charge 
neutrality, leading to a greater number of Ca++–
O- interactions. Therefore, the discrete anions are 
expected to face relatively greater resistance to 
flow. However, as can be seen in Table 1, in the 
case of 4-fold coordination, viscosity values for 
the ternary slags are observed to be lower than 
those for the corresponding binary slags, and the 
reverse is true in the case of 3-fold coordination 
(three pairs of nearly equal average DA mass 
are:{2,9}, {4,8},{5,7}). Thus, we see that the 3-
fold coordination model is the correct model. 
 
 
Figure 1 Discrete anions for CaO-SiO2-Al2O3 slags 
 
Gupta and Seshadri [10] carried out a study on the 
influence of alumina on the viscosity lowering 
capacity of CaF2. They found that at a given 
temperature, the percentage reduction in the 
viscosity of CaO-SiO2-Al2O3 slags (CaO/SiO2 
ratio by weight being 1.0) was practically 
independent of their alumina content (20, 25 and 
30 % by weight) for 5, 10 and 15% additions of 
CaF2. As proposed by Baak [11], each CaF2 
molecule reacts with a Ca++ ion present in the 
melt to form two unstable CaF+ ions which get 
attached to the singly bonded oxygen ions of the 
DAs. In this way, there is a reduction in the 
number of strong attractive interactions between 
singly bonded oxygen and free calcium ions, 
resulting in a decrease in the activation energy of 
viscous flow and, hence, reduction in viscosity. 
This mechanism has been well supported by the 
activity coefficient measurements for the CaO-
SiO2-CaF2 system [12] and electrical conductivity 
measurements for the CaO-SiO2-Al2O3-CaF2 
system [13]. For example, in the case of 22.5 and 
30% alumina slags, at 1350 C temperature, when 
the CaF2 content of the slags was increased from  
Table 1 Correlation of the slag viscosity with the 
molar average mass of the discrete anions (DAs) for 
3-fold and 4-fold coordination for Al 
No Slag composition 
(weight %) 
 
CaO  SiO2   Al2O3 
Viscosity 
at 1700 C 
(Pa.s) 
Molar average mass 
 of  DAs, g 
Coordination for  
Al3+ 
 4-fold        3-fold 
1 30        70            0 1.23 440 440 
2 40        40          20 0.22 432 235 
3 37.2    62.8        0 0.39 332 332 
4 40        50          10 0.26 348 265 
5 30        60          10 0.89 538 373 
6 30        40          30     0.53 915 285 
7 33        67            0     0.78 388 388 
8 42        58            0     0.235 275 275 
9 47        53            0     0.15 237 237 
 
Figure 2 Variation of slag viscosity with the molar 
average mass of discrete anions (DAs) for the 3-fold 
and 4-fold coordination models for aluminium 
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10 to 15%, the specific conductance was 
observed to decrease by 70 and 45% in the 
respective cases. With this background, we can 
now analyze the results obtained by Gupta and 
Seshadri using the 3-fold and 4-fold coordination 
models for Al. According to the 4-fold 
coordination model, the values for the molar 
average mass of discrete anions corresponding to 
20, 25 and 30 % alumina are found to be: 414, 
517 and 680 g, respectively. In the light of the 
data presented in Table 1, it will be seen that 
such large variations in the molar average mass 
values are not consistent with a small increase in 
the observed viscosity values with alumina 
content at 1500 C: 0.91, 1.04 and 1.22 Pa.s [10].  
From the data presented in Table 2 it can be seen 
that the three-fold coordination model is quite 
successful in this respect. Besides the molar 
average mass values, the values of the number of 
moles of DAs are practically the same for all 
three slags. Therefore, the number of moles of 
CaF+ ions available per DA will also be the same 
in all three cases. This explains uniformly same 
percent reduction in the viscosity of the three 
slags by CaF2, as mentioned above. 
Table 2 Variation in the molar average mass and 
number of discrete anions (DAs) with the alumina 
content of slag for the 3-fold coordination model. 
No. Slag composition, wt.% 
 
CaO        SiO2      Al2O3 
Molar 
average 
mass 
 of  DAs, g 
Number of 
moles of 
DAs in 105 
g of slag 
1 40.0 40.0 20.0 235.4 303.4 
2 37.5 37.5 25.0 240.1 304.9 
3 35.0 35.0 30.0 244.8 306.4 
 
3.  A model for mould fluxes 
A number of mathematical models are available 
in the literature for describing viscosity-
composition relationships for continuous casting 
mould fluxes [14-18]. Most of these models are 
based on the data taken from a single source, and 
the average prediction error exceeds 30%. Gupta 
et al. [19] used forty-three sets of viscosity-
composition data available in the literature. The 
average prediction error for the model developed 
by them was found to be 21%, which is 
significantly lower and quite acceptable. 
Based on their properties in relation to the 
structure of the molten flux, Gupta et al. 
classified the constituents of  the mould flux 
three main categories: (i) Acidic oxides 
(‘network formers’: SiO2, Al2O3), Basic oxides 
(‘network destroyers’: CaO, MgO, Na2O, K2O, 
MnO, FeO, Fe2O3), and Fluorides (‘Lubricants’: 
CaF2, NaF). Thus, from the point of view of 
viscosity, the flux composition can be expressed 
in terms of mole fractions of three species: (i) X 
denoting Si4+ and Al3+ ions collectively), (ii) O 
denoting O- coming from the basic oxides, and 
(iii) F (denoting F- coming from all fluorides 
present). Let Y denote the number of moles and 
N the mole fraction. Thus, we have 
Nx = Yx / (YX+YO+YF)                                  (1) 
NO = YO / (YX+YO+YF)                               (2) 
NF  =YF /  (YX+YO+YF)                                (3) 
Gupta et al. found that Na+/Ca++ ratio has quite a 
significant effect on the flux viscosity. Based on 
a detailed analysis of the viscosity data using 
several different relationships, the following 
relationship was found to be the best 
μ = a0 + a1 (M+/M++) + a2 Nx + a3 (M+/M++)Nx +         
a4 (M+/M++) 2 + a5 Nx2                                 (4) 
where μ denotes viscosity and M denotes a basic 
oxide. 
4. A model for secondary refining slags 
 Using a general polynomial in various 
composition variables, Gupta et al. [20] developed 
several viscosity-composition correlations for the 
composition range : 45-55% CaO, 25-35% 
Al2O3, 5-10% MgO and 5-13% SiO2. Three 
values of temperature were considered: 1550, 
1575 and 1600 C. The best correlation was found 
to be 
μ = c0 + c1 x1 + c2 x1/x2 + c3 x1/x3 + c4 x1/x4 + c5 
x2/x3 + c6 x2/x4 + c7 x3/x4                             (5)  
where x1, x2, x3 and x4 denote weight % values 
for CaO, Al2O3, MgO and SiO2, respectively. 
Interestingly, the values of all the c constants in 
Eq. (5) were found to vary linearly with the 
temperature of molten slag. The degree of fit to 
the experimental data, as characterized by R2, 
was found to be 0.991, which is quite good. 
5. Discussion 
The 3-fold coordination model proposed by 
Gupta, is based on the fact that the trivalent Al 
can be bonded to only three oxygen atoms. 
However, as there is a significant degree of 
disorder in the liquids at high temperatures, 
depending on the relative orientation of the 
neighbouring discrete anions, it is quite likely 
that the Al atom of one discrete anion is partly 
surrounded by the singly bonded oxygen, O-, of 
another discrete anion. Based on the results of 
the ‘Al-Nuclear Resonance’ studies on CaO-
SiO2-Al2O3 glasses, Dutz and Schulz [21] 
concluded that the oxygen coordination sphere of 
the Al atoms is more or less statistically 
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distorted. Therefore, in some cases, especially in 
the case of slags having a very low Al/(Al+Si) 
ratio, a nearly 4-fold coordination for Al is 
possible.                                                         
Use of the sophisticated theoretical models 
available in the literature [4-6] involves carrying 
out complex calculations using a thermodynamic 
computer package. Therefore, from the practical 
view point their utility is quite limited. Simple 
models such as those proposed by Gupta et al. 
[19.20] can, however, be used with considerable 
ease.  
6. Conclusions  
The following two main conclusions can be 
drawn from  
1. In the discrete anions, aluminium atom is 
bonded to only three oxygen atoms, one of which 
may be the singly bonded oxygen ion, O-. 
However, due to the presence of O- ions of the 
neighbouring discrete anions, Al may appear to 
have a 4-fold coordination.  
2. Most of the viscosity-composition 
relationships developed in the recent past are too 
complex to use in practice. Simple equations 
developed by Gupta et al. [19,20], such as Eq. (4) 
and Eq. (5), should be found to be reasonably 
accurate for practical purposes. 
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Abstract: Utility of microorganisms such as Bacillus subtilis, Paenibacillus polymyxa, Sulfate Reducing Bacteria 
and Yeast in the beneficiation of iron ores to bring out removal of silica, alumina and kaolinite is illustrated.  
Microbially-induced selective flotation and selective flocculation of iron ores are demonstrated.  The 
biobeneficiation process is ideally suited to treat iron ore slimes, fines and tailings and is cost effective, energy 
efficient and environment-friendly. 
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1. Introduction  
Iron ore beneficiation in India is facing a big 
challenge with respect to utilization of low-grade 
ores, tailings, fines and slimes having high 
alumina, silica and clay contents.  Conventional 
methods including flotation, selective flocculation, 
high gradient magnetic separation and gravity 
methods cannot be efficient when treating iron 
ores slimes and fines.  Although silica removal 
from all particle sizes of iron ores are relatively 
efficient, alumina and clay removal are extremely 
difficult using conventional techniques and 
reagents.  Mineral-specific reagents are required to 
bring about selective impurity removal from iron 
ores.  It has now been well established that iron ore 
formation is mostly biogenic and many indigenous 
microorganisms participate in the formation, 
precipitation, dissolution and conversion of iron 
ore minerals such as hematite, magnetite, goethite, 
alumina, silica and kaolinite.  Such 
microorganisms when grown in presence of the 
above minerals secrete mineral-specific 
bioreagents which exhibit specific surface affinity 
to the chosen mineral.  In this paper, use of many 
soil microorganisms such as Paenibacillus 
polymyxa, Bacillus subtilis, Sulfate Reducing 
Bacteria and Yeasts in the beneficiation of iron ore 
fines and slimes is illustrated with respect to 
alumina, silica and clay removal [1-9].  Microbially-
induced iron ore beneficiation is demonstrated 
with respect to selective flotation and flocculation 
brought about by mineral-specific bioreagents and 
mineral-adapted cells which are cost effective, 
energy-efficient and environment-friendly. 
2. Silica removal from hematite through 
biomodulation 
 
Silica removal from hematite is illustrated below 
using bacteria such as Desulfovibrio desulfuricans, 
Bacillus subtilis, Paenibacillus polymyxa and an 
yeast, namely, Saccharomyces cerevisiae.  
Desulfovibrio desulfuricans are anaerobic, 
neutrophilic, sulfate reducing bacteria often 
occurring associated with iron ore deposits 
bringing about iron reduction in the environment. 
These organisms when grown in presence of 
hematite and silica, secrete hematite-magnetite- 
and silica- specific bioproteins and 
exopolysaccharides rendering silica surfaces 
relatively hydrophobic while iron oxides become 
hydrophilic. Typical bioflotation separation data 
are illustrated in Table 1. 
Table 1 Bioflotation using Desulfovibrio desulfuricans[1] 
Process conditions 
Percent weight floated 
As single mineral Mineral mixture 
Hematite Silica Silica Hematite 
Without prior 
biotreatment  
14 62 70 15 
After interaction with 
solution grown cells 
10 56 59 9 
Silica-adapted cells 14 90 91 14 
Hematite-adapted cells 2 46 45 4 
Silica-adapted cell-free 
metabolite 
14 96 96 13 
Hematite-adapted cell-
free metabolite 
15 78 74 15 
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Preadaptation of the sulfate reducing anaerobe to 
silica substrates led to generation of mineral-
specific proteinaceous compounds which rendered 
silica and silicate surfaces more hydrophobic 
promoting their selective flotation, while hematite-
adaptation of cells made iron oxides secrete and 
adsorb exopolysaccharides, rendering them 
hydrophilic. Silica-adapted cells of Desulfovibrio 
desulfuricans as well as their metabolites are 
capable of bringing about selective silica flotation 
from iron ores. 
Selective flotation of silica (or hematite 
depression) can also be brought out through 
interaction with yeast cells such as Saccharomyces 
cerevisiae or Bacillus species such as Bacillus 
subtilis or Paenibacillus polymyxa [2-9]. 
Typical bioflotation results after conditioning with 
yeast cells and their metabolic products are shown 
in Table 2. 
 
Table 2 Bioflotation using yeast, Saccharomyces 
cerevisiae[2] 
 
Processing 
conditions 
Percent weight floated 
Single mineral Mixture 
Silica  Hematite Silica Hematite 
No biotreatment 12 7 12-15 13-14 
Yeast cells 
grown in 
absence of 
minerals 
50 8-10 35-36 12-14 
Yeast cells 
grown in 
presence of 
hematite 
10-12 11-13 12-14 8-10 
Yeast cells 
grown in 
presence of 
silica 
90-95 8-10 92-94 7-9 
Cell-free extract 
from silica-
grown cells 
92-94 7-9 90-92 5-7 
Cell-free extract 
from hematite 
grown cells 
10-15 18-20 17-18 15-16 
 
Compared to bacteria, yeast cells grow much faster 
yielding large quantities of biomass. Similar to 
anaerobic and aerobic bacteria, yeast growth in the 
presence of silica and hematite leads to generation 
of silica- and hematite-specific bioreagents capable 
of selective silica separation from hematite. As can 
be seen from the results in table 2, selective 
flotation of silica from iron ores could be promoted 
after conditioning with yeast cells grown in 
presence of silica or their metabolites. 
Selective bioflocculation of hematite in presence 
of silica could also be brought about efficiently in 
the presence of silica-grown cells of 
Saccharomyces cerevisiae and their metabolites.  
For example, up to 92-95% of hematite could be 
selectively flocculated and settled with significant 
dispersion of silica particles from a mixture 
containing the minerals after conditioning with 
silica-grown yeasts cells or their metabolites[2]. 
Similarly, cells and metabolic products of 
Paenibacillus polymyxa can be used to achieve 
selective flotation of silica or selective flocculation 
of hematite.  Tests using high silica iron ores 
demonstrated the efficiency of the biobeneficiation 
process[5-9].  For example, after bioconditioning in 
the presence of Paenibacillus polymyxa, a 
concentrate containing 65% Fe , 0.9 % SiO2 could 
be obtained with a recovery over 90 % from a high 
silica iron ore. After interaction with B.subtilis and 
their metabolites, selective flotation of silica from 
hematite could be achieved. 
In all the above cases, interaction with the bacterial 
cells and their metabolic products significantly 
changed the isoelectric points of all the iron ore 
minerals. While silica and kaolinite were rendered 
increasingly hydrophobic, hematite, calcite and 
alumina surfaces were made more and more 
hydrophilic through such bacterial interactions. 
Microbe – iron ore mineral interactions thus 
resulted in significant surface chemical changes 
promoting either floatability, dispersion or 
flocculation of the different mineral phases. 
3. Microbially-mediated removal of alumina 
and kaolinite 
While removal of silica from hematite can be 
easily brought about using various bacterial cells 
and their metabolites, alumina and kaolinite 
separation could not be efficiently achieved using 
conventionally grown bacterial cells. Systematic 
and prolonged preadaption of the organisms to the 
desired mineral substrates becomes necessary in 
this regard. If cells of P.polymyxa were preadapted 
to hematite or alumina over extended periods of 
time, alumina and hematite specific proteins and 
polysaccharides were observed to be produced. 
For example, alumina specific proteinaceous 
compounds of varying molecular weights were 
found to be produced when bacteria were grown in 
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the presence of alumina particles.  Through the use 
of mineral-adapted cells or bioreagents, efficient 
separation of alumina from hematite could also be 
achieved through selective bioflocculation.  From 
a hematite-silica-alumina mixture of their fines, up 
to about 99% of alumina and silica could be 
selectively separated using alumina-adapted cells 
of P.polymyxa[9]. Through bioflotation or 
bioflocculation, significant alumina reduction from 
high alumina iron ore slimes could also be 
achieved. From an iron ore containing about 2 % 
SiO2, 10-20 % alumina and 3 % kaolinite, 
bioflotation after conditioning with mineral-
adapted cells of P. polymyxa yielded an iron 
concentrate of grade 65% containing 0.3-0.5 % 
alumina, 0.5 % kaolinite and 0.8 % SiO2. 
Microbially induced selective flocculation of 
hematite from kaolinite using Bacillus subtilis has 
also been demonstrated [3-6].  
Kaolinite-grown cells of Bacillus subtilis secreted 
significant amounts of mineral-specific proteins 
which selectively adsorbed on the clay-particles 
rendering them hydrophobic. On the other hand, 
growth of cells in presence of hematite promoted 
production of exopolysaccharides, adsorption of 
which made iron oxide surfaces increasingly 
hydrophilic, facilitating their flocculation and rapid 
settling.  Either mineral-grown Bacillus subtilis 
cells or their secreted proteins or polysaccharides 
(bioreagents) can therefore be used to bring about 
selective flocculation of hematite particles or 
dispersion of clay (kaolinite) fines as illustrated in 
Table 3.  
4. General strategies for biobeneficiation of 
iron ores 
Microbially-induced beneficiation of iron ores 
could be brought out through different approaches, 
namely, 
 Selective bio-dissolution of the undesirable 
minerals such as silica and phosphorous. 
 Alteration of the surface chemistry of iron ore 
minerals through microbial interaction or 
generation of mineral-specific bioreagents 
facilitating selective flotation or flocculation-
dispersion. 
This first approach is time-consuming and often 
less efficient, while microbially-induced flotation 
or flocculation is a faster interfacial process. 
There are several microorganisms, including 
autotrophic and heterotrophic bacteria and fungi 
besides yeasts which are relevant for beneficiation 
low grade iron ores as well as fines and slimes.  
Potential microorganisms are listed below: 
 Acidithiobacillus acid producing 
chemolithotrophs  
 Bacillus spp such as Bacillus subtilis  and 
Paenibacillus polymyxa 
 Anaerobic bacteria such as Sulfate Reducing 
Bacteria (SRB) 
 Yeasts such as  Saccharomyces cerevisiae 
Direct bioleaching of iron from iron ores can be 
achieved.  Similarly, phosphorous present as iron 
phosphides and apatite can be microbially-
dissolved using acid producing Acidithiobacillus 
spp, Bacillus spp and fungi such as Aspergillus 
niger.   
Table 3 Selective flocculation-dispersion of hematite-
kaolinite using B.subtilis[3-4]. 
 
Process conditions 
Percent dispersed 
Mixture 
Kaolinite Hematite 
In the absence of bacterial interaction 50 35 
Conditioning with hematite-grown cells 90 05 
Conditioning with kaolinite grown cells 90-95 40 
Conditioning the bioproteins 85-90 18 
Conditioning with polysaccharides 80-85 05 
 
Additional advantage of bioprocessing of iron ores 
is that they are environmentally clean and the 
microorganisms can be used to degrade and 
detoxify flotation reagents and organic chemicals. 
For example, almost complete degradation of 
various amines, fatty acids and xanthates from mill 
effluents could be brought about using 
Paenibacillus polymyxa, Pseudomonas putida and 
Sulfate reducing bacteria. Biotreatment of iron ore 
tailings could enhance settling rates of suspended 
fines facilitating water re-harvesting and recovery 
of iron. Similarly, iron ore mined sites can be 
reclaimed through bio- and phyto- remediation 
processes. 
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Abstract: Availability of iron ore and coking coal are critical to the growth of our steel industry. Beneficiation of 
alumina rich iron ore slimes and high ash coal has been a challenge for us in India. A comprehensive and integrated 
approach to process our iron ores and coking coal resources with respect to crushing-grinding (liberation), 
separation, dewatering and tailings management, is thus articulated in this presentation. Our recent work carried out 
in close collaboration with Tata Steel clearly demonstrates (a) the feasibility of producing iron ore concentrates 
assaying more than 63% Fe and less than 3% alumina, with final tailings assaying less than 45% Fe from the iron 
ore fines and slimes (that is, ultra-fines, size less than 45 microns) and (b) strategies to produce concentrates 
assaying less than 10% ash, using commercially available frothers, followed by dewatering of fine coal flotation 
concentrates. Considering the severe constraints of land, water and power in India, strategies to find zero waste 
solutions for processing our natural resources with minimum environment footprint are discussed.  
 
Keywords: Beneficiation, Iron ore slimes, Coking coal fines, Flotation, Dewatering 
 
1. Introduction 
As against the current production of 90 million 
tons (MT) of steel in the year 2015-16 (current 
steel production capacity is 122 MT), according to 
National Steel Policy 2017, Indian steel industry 
will be producing close to 255 million tons of 
crude steel (with a total production capacity of 300 
MT) by the year 2030-31. It would require 437 MT 
of iron ore, 161 MT of coking coal and 136 MT of 
non-coking coal (31 MT for PCI and 105 MT for 
sponge iron production). Currently 85% of the 
industry requirements of coking coal are being met 
through imports. In order to maintain our 
competitive advantage, we must therefore aim to 
utilize our own resources of iron ore (which 
contain high alumina) and coal (high ash). The 
policy document further identifies scarcity of the 
land, water and power to be the main stumbling 
blocks in the growth of the steel industry.   
It is therefore imperative for us mineral engineers 
in India to find zero waste solutions for processing 
our natural resources with minimum environment 
footprint.  
The basic unit operations involved in both the 
beneficiation of iron ores as well as coking coal 
are: (a) design of appropriate crushing-grinding 
circuit for adequate liberation (b) design of an 
efficient gravity separation and/or flotation-
selective flocculation circuit of fines/slimes (c) 
design of a dewatering circuit for water recovery 
and (d) utilization of tailings in value-added 
products (cement, tiles and glass ceramics, for 
example) and/or a semi-dry/thickened disposal of 
tailings. Recent advances in science and 
technology of each of these unit operations must 
be leveraged to design an integrated flow sheet to 
not only recover all the values but also aim for 
100% water recovery and zero waste processing. 
An effort has been made in this communication 
and presentation to highlight some of the successes 
achieved thus far.  
2. Beneficiation of Alumina rich iron ores 
In the early eighties, we had proposed the 
integrated approach for the beneficiation of iron 
ores (Fig. 1) and subsequently made efforts to 
realize it commercially at that time. It is heartening 
to note that almost three decades later this 
approach has been implemented and 
commercialized in parts by major iron ore mining 
companies in India. Pelletization of iron ores for 
both the blast furnace as well as direct reduced 
iron (DRI) applications is a standard practice 
today. The selective flocculation technology to 
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process alumina rich ultra-fines (iron ore slimes) 
has also been demonstrated recently during the 
plant trials conducted jointly by TRDDC and Tata 
Steel at its Noamundi Mines concentrator. The 
beneficiation basically involves separation of iron 
minerals (hematite and goethite) from alumina 
containing minerals (gibbsite and kaolinite) and 
quartz. Iron ore mining in India will go through a 
major disruptive phase in the coming decades.  
 
 
 
Figure 1 An integrated approach to the beneficiation of 
high alumina iron ores 
3. Beneficiation of high ash coking coal 
Currently, the typical coal washery in India 
consists of a Dense Media Cyclone, to concentrate 
the coal in the coarser size range (-13 +0.5 mm) 
and a flotation circuit to concentrate fines (-0.5 
mm). While there are several challenges in 
optimizing both these circuits and many research 
groups including us, have successfully solved 
these problems to a significant extent several 
others need to be addressed.  
Very briefly, some of the challenges facing the 
coal industry in general and those processing 
coking coals can be summarized as follows: 
(i) DSM cyclones are not very efficient in 
recovering relatively finer particles and the current 
flotation circuits are not able to recover relatively 
coarser particles. It therefore makes sense to look 
for another device which can do efficient 
separation in the intermediate size range (0.3 mm 
to 1 mm) and that would certainly enhance the 
overall recovery of coal at the specified grade. 
Many research groups have demonstrated the 
utility of equipment such as reflux classifiers, 
spirals, water only cyclones and Floatex density 
separators.  
 
Figure 2 Typical coal beneficiation circuit in a 
coking coal washery of Tata Steel 
 
 
Figure 3 Relative separation efficiencies of the flotation 
circuit (minus 0.5 mm coal) and DM Cyclone (-13+0.5 
mm) in a typical coal washery in India 
(ii) The selection, design and development of 
flotation reagents, in particular frothers are critical 
to achieve results during flotation. Pradip et al. 
(Unpublished Report, 2005) had conducted an 
extremely comprehensive study on the 
optimization of the coal flotation circuits including 
the reagent chemistry, the circuit design as well as 
the control of operating conditions (air flow rate, 
pulp level and reagent dosage). It was conclusively 
demonstrated that a close control of the operating 
conditions is critical to accomplish better 
separation efficiencies (for example, the flotation 
concentrate assaying less than 10% ash could also 
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be produced at reasonable recovery of 40%+ under 
the optimized conditions).  
(iii) The dewatering of fine coal concentrates is 
also a challenge. In addition to optimizing the 
operation of the pressure/vacuum filtration 
devices, we have also found that the addition of 
customized filtration aids can assist filtration 
(Pradip et al., Unpublished Report, 2007) 
(iv) It has also been demonstrated that one can 
crush to finer sizes (instead of -13 mm at present) 
as to achieve higher levels of liberation of ash 
from coal. The reduction in composite particles 
will lead to higher separation efficiency. 
Figure 4 Enhancement of filtration efficiency as a 
function of reagent dosage as measured in terms of the 
remarkable enhancement of the kinetics of de-watering 
concurrently with the reduction of the final moisture 
content for a typical coal seam sample from Tata Steel’s 
West Bokaro Coal Washery (Pradip et al., Unpublished 
Report, 2007) 
(v) Better crushing devices (particularly those 
which cause breakage under shear rather than 
impact or compression) will also lead to higher 
levels of liberation and hence must be explored. 
(vi) The most serious problem facing coal industry 
is what to do with the tailings – the high ash 
residue which does have sufficient calorific value. 
Efforts must be made to develop a technology 
which can take care of the twin problems – that is, 
the utilization of the calorific value contained the 
tailings and also converts the ash thus produced 
into value added products onsite.  
4. Mineral processing in the digital era 
We are living in a digital era. The advances in 
machine learning, data analytics and knowledge 
engineering in general is disrupting several 
industrial domains. Mineral processing and 
extractive metallurgy is no exception. For 
illustration, the prediction of liberation in mineral 
processing has remained an unsolved challenge. 
Availability of automated mineralogy devices has 
made it possible to quantify liberation in operating 
plants in terms of enormous data on the ore at 
various points in the plant. Since the underlying 
physics is so poorly understood, it is worth 
exploring if we can take advantage of machine 
learning techniques and develop customized 
models for liberation of a given ore (iron ore or 
coking coal, for instance) under different operating 
conditions and thus optimize extent of liberation at 
the plant scale.  
It is important to invest in developing a generic IT 
platform for the design, development, optimization 
and control of mineral processing plants, having 
capabilities of not only storing design as well as 
plant data but also retrieving it as and when needed 
and be able to apply state of the art machine 
learning techniques to derive useful insights and 
action points for optimization of the plant 
performance (having knowledge engineering 
capabilities). TCS has invested in such an effort 
and the utility and power of such an approach will 
be illustrated in the presentation.  
5. Extractive metallurgy in the era of 
availability of affordable electricity based on 
renewable energy sources 
I would like to highlight the importance of another 
revolution in the making. It is hard to believe but 
electricity based on renewable sources of energy 
has become available to the industry at relatively 
attractive prices in India. In my view, it is going to 
disrupt the extractive metallurgy significantly. Our 
industry does have a lot of inertia but we need to 
prepare ourselves for an emerging scenario when 
many elements in the periodic table will be 
produced from their respective naturally occurring 
oxides (or sulphides) including iron oxide by 
molten salt electrolysis. We in India must make 
serious and sincere efforts to revive this field of 
molten salt electrolysis (at one point we did have 
several research groups active in this area) in the 
country since we will need engineers trained in this 
field to design, develop and run commercial plants 
based on this technology.  
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Abstract:  Iron and Steel industry in India rarely uses iron ores with less than 60% Fe. With the proposed expansion 
of iron and steel industry in India in next 10 years, good grade iron ore may exhaust soon. Hence, it is necessary that 
newer technologies are developed allowing utilization of lower grade ores in a competitive manner. Deep 
beneficiation of low grade ores to 60-65% Fe is an option. Various strategies for beneficiation of low grade ores are 
examined. Fine grinding of the ore is a prerequisite for deep beneficiation. The product, acceptable grade-wise, is 
not directly usable in BFs because of its fineness - it needs to be converted to a suitable agglomerate form. One 
strategy is to convert fines into micropellets in the size range of 4–6 mm, which are used as feed in the existing 
sinter plants. Technological challenges to be faced during deep beneficiation and subsequent utilization of fines are 
discussed. 
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1. Introduction  
With over 28.52 billion tons of estimated reserves, 
India is one of the leading producers of iron ores in 
the world. As per UNFC (United Nations 
Framework Classification), out of the total 
reserves, 17.88 billion tons is hematite and 10.64 
billion tons is magnetite. Within hematite 8.09 
billion tons (45%) is under ‘reserve category’ and 
9.79 billion tons (55%) is under ‘remaining 
resources’ category. By grades, lumps constitute 
about 56%, fines about 21%, lumps with fines 
about 13% and the remaining 10% is unclassified 
[1]. With the availability of good reserves, in India 
high grade lumpy hematite iron ore and fines 
(partially through sintering) have been used for 
iron making through blast furnace.  But now the 
reserves of high grade lumpy iron ore are fast 
getting depleted. The national steel policy sets a 
target of producing 280 million tonnes of steel by 
2024-25 requiring 450 million tonnes of quality 
iron ore, in addition to meeting the requirement at 
the export front. It is estimated that with this rate 
of consumption, the proven reserves of iron ore 
may last only for 32-35 years and we may soon be 
left with low grade ores below 55% Fe grade and 
huge accumulation of fines and slimes from the 
current practice of washing of iron ores. 
Considering the increasing demand and 
conservation of available iron ore resources, it is 
imperative to develop deep beneficiation and 
suitable agglomeration technologies towards 
rational utilization of low grade iron ores, fines 
and slimes.   
Depending upon the origin and mineralogical and 
liberation characteristics of the ore, the 
beneficiation methods can vary from simple 
washing to complex concentration processes. For 
the finely disseminated low grade ores the 
techniques like gravity, magnetic and froth 
flotation have been dominantly used. These 
techniques are industrially practiced in many 
countries like USA, Australia, South Africa, China 
etc. Concentrates resulting from beneficiation of 
low grade ores are with fine granulometry and are 
used in the form of pellets for iron making. 
However, Indian hematite iron ores typically 
contain high alumina, a substantial of goethite, 
limonite etc. and is finely disseminated in iron 
oxide matrix posing special problems in iron 
recovery. Further, iron ore fines and slimes 
generation rate in India is about 60% of total ore 
production. Due to the low off-take of fines as well 
as use of low percentage of sinter in the burden, 
huge dumps of fines have accumulated in the mine 
heads. In addition, huge off grade fines and 
overburden are being generated and dumped along 
several iron ore mines head in the country. These 
and overburden materials contain high alumina and 
are not suitable for direct use for iron making. 
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Substantial part of the fines produced goes as 
unsold dumps and lost as waste. 
Only limited studies have been carried out in India 
on beneficiation of low grade iron ores and fines 
with some success [2-6]. Further, utilization of the 
fine grained beneficiated iron ore concentrate for 
iron making through blast furnace route is 
impaired following conventional pelletization 
because of cost-intensive curing process. One 
economically viable strategy for Indian plants 
could be to convert fines into micropellets (4-6 
mm) and use these as sinter feed in the existing 
sintering plants. By using micropellets as 
sinterfeed, the sinter bed porosity will be higher 
and uniform leading, and therefore with the same 
suction pressure a sinter bed of substantially 
greater height is possible leading to substantial 
increase in sinter productivity. On the initiative of 
Ministry of Steel, Govt. of India,  a major project 
on beneficiation of low grade iron ores, fines and 
slimes and explore the most appropriate 
agglomeration technology for Indian conditions 
involving was undertaken involving National 
Metallurgical Laboratory (CSIR-NML), 
Jamshedpur, and Institute of Mineral and Materials 
Technology (IMMT), Bhubaneswar and Indian 
Institute of Technology, Kanpur[7]. 
NML was to beneficiate low grade iron ore and 
slimes, IMMT was to beneficiate BHJ, BMQ and 
BHQ, and IIT Kanpur was to carry out laboratory 
scale studies on micropelletization (pellets within 
the size range of 4 to 6 mm with adequate cold 
strength to be used as sinter feed in the 
conventional sintering machines. In what follows 
are some typical results of studies carried out at 
NML and IIT Kanpur.  
2. Characterization and beneficiation of iron 
ore slimes (IOS)  
About 15 tons of IOS were obtained from Iron Ore 
Washing Plant of SAIL at Kiriburu. The head 
sample contained 57.7% Fe, 5.58% SiO2, 4.56% 
Al2O3, and 5.7% LOI. Size and size-wise chemical 
analysis of the head sample revealed that 40% of 
the material was coarser than 0.15 mm and that 
there is preferential concentration of SiO2 and 
Al2O3 in size fractions below 0.045 mm. Detailed 
petrographic studies established that these slimes 
contained substantial amount of goethite 
(Fe2O3.H2O) in addition to hematite. Both fine and 
coarser particles of hematite and goethite are 
recorded with clayey particles. After the detailed 
bench scale studies, the pilot scale beneficiation 
studies were carried out using NML pilot plant 
facility. The circuit consisted of: 
 Scrubbing of slimes in rotary scrubber 
 Screening and classification producing 
+6.3mm -6.3 +1.0 MM and -1.0+0.15 mm 
size classes 
 Jigging of combined feed from the first 
two coarser sizes 
 Spiraling of -1+0.15 mm 
 Close circuit grinding of rejects from 
jigging and spiralling to -0.15 mm 
 Desliming of -0.15 mm combined feed 
from original feed and ground rejects 
 WHIMS of hydroclyclone UF 
 Dewatering of products 
The flow-sheet with total material balance was 
developed and is shown in Fig.1. 
 
 
 
Figure 1 Process flow-sheet developed for beneficiation 
of iron ore slimes at CSIR-NML 
It has been possible to get sinter grade concentrate 
with a yield of about 15.1% with 63.54% Fe. The 
pellet fines contained 64.5% Fe with 57.5% yield. 
The rejects analyzing 40.3% Fe were 27.4%. 
3. Beneficiation of low grade iron ore  
About 15 tons of low grade ore was also collected 
from Kiriburu Mines of SAIL. It contained 54.2% 
Fe, 5% SiO2, 8% Al2O3 and 8.7% LOI. Detailed 
characterization revealed that the ore in general 
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had suffered partial or full laterization. The 
primary iron bearing minerals in the ore were 
hematite and goethite; secondary specular hematite 
was recorded in veins and fracture fillings. 
Vitreous goethite was also recorded in many 
lumps. The lateritic pieces varied form hard iron-
rich (reddish in colour) to somewhat softer 
aluminious (whitish) laterites or limonitic 
(yellowish). Clay was found with all lateritic 
lumps. In addition, free quartz was also recorded in 
several instances. It was observed that the ore had 
poor liberation at 10 mesh; however at 14 mesh ~ 
45% grains were liberated, but below 150 mesh 
liberation was above 90%. 
Pilot scale beneficiation studies involved the 
following major processing steps:  
 Closed circuit crushing of ROM to ~ 
30mm using jaw and gyratory crushers 
 Scrubbing, washing and screening using 
double deck vibratory screen (10 & 1mm) 
 Classification of -1mm and rejection of -
0.15mm size fraction 
 Jigging of -30+10mm lumps 
 Crushing and grinding of rejects from 
jigging of -30+10 mm lumps, -10+1mm 
and -1+0.15 mm fraction to -0.15mm 
 Two stages of desliming of ground -
0.15mm material followed by WHIMS 
 Regrinding of non-magnetics, 
hydrocycloning and processing using 
WHIMS 
 Dewatering of products 
The flow-sheet is shown in Fig. 2. 
4. Characteristics and beneficiation of 
BHQ/BHJ Sample  
BHQ and BHJ are high silica low grade iron ores, 
consisting of hematite and siliceous mineral phase 
in the form of quartz and jasper in BHQ and BHJ 
respectively. Very often, BHJ and BHQ are closely 
associated. Bulk chemistry depends on the relative 
abundance of quartz and jasper and hematite in the 
ore. Generally these contain 30-40% Fe with silica 
as the major gangue with relatively low alumina. 
These have high compressive strength with Bond 
Work Index of 13-14 kWh/t. 
 
BHJ and BHQ contain alternate bands of hematite 
and jasper/quartzite. Under microscope, hematitic 
bands exhibit martite and microplaty hematite of 
1-50 micron size closely interlocked with 
cryptocrystalline quartz/jasper of ˂ 10 micron size. 
The quartz/jasper bands exhibit interlocked 
microplaty hematite and martite of 1-10 micron 
thick. Hence the interlocking is too intimate and in 
very fine size due to which expected liberation is 
poor even in 150 micron size. 
 
 
 
Figure 2 Process flow-sheet developed for Low Grade 
Iron Ore by CSIR-NML with material balance 
 
 
Beneficiation studies on BHQ/BHJ samples were 
carried out at NML and IMMT involving 
comminution, classification followed by multi-
stage WHIMS and other techniques. It has been 
possible to get iron ore concentrate with 60-64% 
Fe with varying yield. The attempt of improvement 
in grade sharply affects the overall iron recovery.   
5. Micropelletization of fines  
The micropellets were produced in the disc 
pelletizer using the beneficiated iron ore fines 
received from NML (66.6% Fe) and IIMT (61.6% 
Fe). Detailed size analysis was carried out -the 
particles were in the size range of +150-37 µm. 
Process variables for pelletization                                                                                                              
were optimized with respect to fineness of feed 
material, total moisture content and moisture 
addition rate, location of moisture addition, binder 
type and amount used, disc rpm and disc 
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inclination.  Micropelletization was carried out 
using different binders, like bentonite, burnt lime 
(CaO), slaked lime (Ca(OH)2), ordinary Portland 
cement (OPC), molasses, and the combination of 
these binders, particularly the combination of 2-
4% Molasses and 15% slaked lime. For 
micropellets to be used as the feed for the sinter 
plant, it is essential that the pellets have enough 
Cold Compressive Strength (CCS) to withstand 
transportation loads. Hence, for all pellets CCS 
was estimated using a non-standard test - as no 
standard test CCS is available for micropellets – 
but the measurements were validated using the test 
for normal pellets and comparing it with the 
standard CCS test. It was observed that with slaked 
lime as a binder the CCS substantially increased 
after curing these micropellets in CO2 for about 20 
minutes. The best CCS was however obtained 
when molasses (2-4%) and slaked lime (~15%) 
combination was used as the binder the pellets 
were cure in CO2.  
6. Summary 
1. With the pelletizer settings optimized using the 
normal high grade iron ore, the pelletization of the 
as received NML iron ore was not possible – the 
material kept on sliding on the pelletizer surface 
without resulting in any pelletization, irrespective 
of the binder type and quantity, moisture content 
and disc rpm. Effective pelletization was possible 
only if the as-received ore was further ground for ~ 
3 hrs or it was blended with an unbeneficiated high 
grade iron ore.  Pelletization, however, was 
possible by increasing the moisture addition rate 
from 25 to 80 ml/minute. The rolling problem was 
not seen with beneficiated BHQ iron ore – the ore 
could be pelletized without further grinding or 
blending with normal high grade ore. 
2. Higher disc inclination and higher rpm are 
preferred as these give more rolling of pellets 
resulting in more compaction, hence better 
strength. 
3. Along with the fineness of the feed surface 
morphology of fines also plays an important role 
as it was seen that natural high grade ore, which 
was coarser than the beneficiated ore, was easily 
pelletized without further grinding or blending. 
4. Pellets made with Ca(OH)2 as binder require 
higher moisture content  than the pellets made with 
cement or bentonite. Also, the moisture content is 
a very critical variable - even a difference of 1% 
very adversely affects the pelletization process. 
5. CO2 cured pellets as well as cement bonded 
pellets show quite good CCS for 4-6 mm pellets. 
CO2 curing time of 20 minute is optimum. 
Significant increase in strength is noticed with 
increase in lime or cement content. 
6. Pellets made with moist iron ore mix as feed 
material recorded the good CCS of 22 kg/pellet 
which is around 42% of crushing strength of fully 
fired pellets. 
7. Pelletization of beneficiated BHQ ore was easier 
than that of the beneficiated NML ore. Even the 
CCS of BHQ pellets was better with similar binder 
combination. 
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Abstract: Calcium ferrite (CF) is a significant initial liquid phase in high basicity sinter. The wettability between 
the calcium ferrite (CF) and gangues plays an important role in assimilation process. In this study, the wettability 
of CF slag on SiO2 substrate at 1523K (1250℃) was investigated and the wetting behavior and spreading 
mechanism were discussed. The wetting process could be divided into three stages, gravity driven, dissolution 
driven and equilibrium. It was found that the dissolution of SiO2 into CF slag was the driven force for the wetting 
process. The CF slag could rapidly spread alone the SiO2 substrate and the final apparent contact angle was less 
than 10°, thus indicating that CF slag had good wettability on SiO2. After wetting, a diffusion layer was formed 
in SiO2 substrate and some SiO2, Fe2O3 solid solution was generated in the slag. 
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1. Introduction 
Iron ore <5mm in size is too fine for direct use in 
blast furnace and must first be agglomerated into 
iron ore sinter. High basicity sinter is now the major 
component of blast furnace burden and the quality 
of sinter is largely determined by the phase 
proportion of the silico-ferrite of calcium and 
aluminum (SFCA). [0-0] The formation process of 
SFCA is investigated and the initial liquid phase is 
the calcium ferrite (CF). [0] Silica, as a significant 
gangue material in high basicity sinter, is essential 
for the formation of SFC from binary system 
(calcium ferrite). Guo [0] studied the effects of SiO2 
on the crystal structure of SFC, it was found that the 
maximum solid solubility of SiO2 in the crystal 
structure of SFC does not exceed 6.11 mass pct. at 
1473K. Pownceby [0] studied the stability of SFC, 
found that SFC forms a solid solution along a trend 
line between the theoretical end-members CF3 and 
C4S3. The maximum solid solution range occurs 
between compositions containing approximately 
7.0 through to 11.7 wt% C4S3 component. Lv [0] 
studied the dissolution kinetics of SiO2 into CaO-
Fe2O3-SiO2 slag, found that the dissolution rate 
increased with increasing rotation speed and 
temperature. And the diffusion coefficient and 
activation energy of SiO2 during the dissolution 
process were calculated. 
In the slag-oxide wetting system, Chung [0] studied 
the dissolution wetting and spreading phenomena 
between Al2O3 substrate and CaO-Al2O3 liquid 
slags. Concluded that the spreading rate of the non-
saturated slag is faster than that of the saturated slag 
due to the convection generated by the dissolution 
reaction. Brian J [0] studied the dynamic wetting of 
CaO-Al2O3-SiO2-MgO liquid oxide on MgAl2O4 
spinel. There is evidence of liquid penetrating the 
substrate via pores and along grain boundaries, 
forming a penetration layer in the substrate. The 
depth of the penetration layer was found to be a 
function of substrate porosity and sample cooling 
rate. 
The interfacial dissolution reaction between the CF 
slag and SiO2 has not been reported. Wettability, 
which can be characterized by contact angle, is 
important for assimilation. In this study, an 
improved sessile drop method is used to analyze the 
wetting behavior of CF slag on SiO2 surface, which 
helps understand the initial assimilation step, 
especially the formation of SFC and its 
microstructure. 
2. Experimental 
Analytical pure grade chemical regents with 99.9 
mass pct. in purity were used to prepare the slag 
samples, and the chemical compositions is listed in 
Table 1. The molar ratio of CaO and Fe2O3 was kept 
at 1:1 and each sample was added 2 mass pct. of 
Al2O3, SiO2, MgO and TiO2, respectively. The CaO 
was replaced by equal molar CaCO3 because of the 
good moisture absorbent ability of CaO. All regents 
(10g) was weighted, mixed homogeneously and 
then press into a cylindrical pellet using a uniaxial 
hydraulic presser with 10MPa pressure. The pellets 
were load into an electric resistance furnace for 
roasting. The samples were heated in air 
atmosphere to 1173K (900℃) for 1h, continuously 
heated up to 1423K (1200℃) for 8h, and then 
cooled to the room temperature in the furnace. The 
samples after roasting were examined using XRD 
on Rigaku Ultima X-ray diffractometer with Cu Kα 
radiation. The XRD patterns shown that the sample 
was almost composed of calcium ferrite (CF), no 
other phase was detected. The substrate was 
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composed of cristobalite. The cubic bulk samples 
with dimension of 3mm× 3mm× 3mm and the 
weight of approximately 60mg were used in 
experiment. An improved sessile drop method was 
used in the experiment. The substrate was ground 
and polished to obtain a smooth surface and the 
average of surface roughness was 150nm with a 
standard deviation of +-50nm. 
Table 1 Chemical composition of the samples (mass pct.) 
Sample Fe2O3 CaO Additives 
CF 74.01 25.99 − 
CF-2A 72.53 25.47 2 Al2O3 
CF-2S 72.53 72.53 2 SiO2 
CF-2M 72.53 72.53 2 MgO 
CF-2T 72.53 72.53 2 TiO2 
 
 
Figure 1 Flowsheet of the experiment  
 
3. Wetting behavior 
The variation of apparent contact angle (θ) and 
normalized diameter (d/d0) with time of CF slag on 
silica substrate at 1523K is shown in Figure 2. 
 
 
Figure 2 The variation of apparent contact angle and 
normalized diameter 
 
Based on the change of normalized diameter with 
time, the wetting process was divided into three 
stages. In the stage I, the slag rapidly spread on the 
substrate, the θ and d/d0 decreased quickly with 
time. In this stage, the inertial force played a leading 
role in this stage, and the viscosity was a limiting 
factor. In the second stage, the d/d0 changed with 
time slowly, the surface tension was the driving 
force and the viscosity was a limiting factor. The 
dissolution of substrate into slag and the penetration 
of slag into substrate were the mechanisms of the 
spreading in this stage. In the stage III, the d/d0 
didn’t change with time but the height of slag 
decreased continuously. Strictly speaking, the 
ending of spreading was the time when the d/d0 
didn’t change (the change of d/d0 was less than 1%), 
just were the dissolution and penetration behaviors. 
4. Interfacial microstructure 
After the wetting experiment, the sample was cut 
and polished alone the longitudinal section. The 
schematic of cross-section is shown as Figure 3. A 
distinct feature was that there was a deep corrosion 
pit in the sample. There was a three-layer structure 
in sample, a slag layer, a diffusion layer and the 
substrate. There was some SiO2 and Fe2O3 solid 
solution precipitated in the slag layer. In the 
diffusion layer, some cracks formed because of the 
volume stress in the cooling process.  
 
Figure 3 Schematic of cross-section of sample after 
wetting experiment 
 
 
Figure 4 XRD patterns of substrate and diffusion layer 
 
The diffusion layer was detected using XRD, and 
the XRD patterns present in Figure 4. The chemical 
component of substrate and diffusion layer were 
both SiO2, no other phase was detected in diffusion 
layer. There was a little difference about the lattice 
parameters of diffusion layer and substrate. It could 
be speculated that little Fe and Ca atom with larger 
atomic radius diffused into substrate, thus 
indicating that lattice parameters and appearance 
were different from pure substrate. And the content 
of Fe and Ca in diffusion layer was too low to 
detected in XRD.  
Figure 5 presents the SEM image of the cross-
section microstructure. As shown in figure 5, it 
could be observed that the slag after wetting was 
consist of three main components, the main body of 
slag in gray color, black crystal and the white 
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crystal. The component was examined by EDS, the 
results shown that the black crystal was SiO2 solid 
solution, and the white crystal was Fe2O3 solid 
solution. In the wetting process, the SiO2 dissolved 
into the slag, dissolution process could be described 
by Fick's second law. It was assumed that SiO2 
dissolution only occurs at a mass transfer boundary 
layer. The concentration of SiO2 in slag decreased 
exponentially with the increase of distance. During 
the cooling process, crystallization forms the 
interface microstructure. The dendritic and snowy 
SiO2 crystal with a high melting point initially 
crystallized in the slag and dendrites grown along 
the substrate into the slag due to temperature 
gradient and undercooling. The growth of dendrites 
produces latent heat of crystallization, thus 
indicating that snow-like equiaxed SiO2 crystal 
formed in the slag at a temperature gradient. Then 
the Fe2O3 solid solution with a melting point 
(1318℃) was generated around the SiO2 and finally 
formed the interface microstructure. These 
phenomena indicate that the wetting process was 
driven by dissolution. 
 
Figure 5 SEM image of microstructure of cross-section 
of the sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusions 
In this study, an improved sessile drop method was 
used in the measurement of wettability between the 
calcium ferrite slags on SiO2 substrate. The results 
indicate that calcium ferrite has good wettability on 
SiO2 surface, the slag rapidly spread alone the SiO2 
substrate and the equilibrium apparent contact 
angle is less than 10°. The driving force of 
spreading are the dissolution of SiO2 into slag and 
the penetration of slag into SiO2 substrate. After 
wetting, a diffusion layer is formed and some SiO2, 
Fe2O3 solid solution is generated in the slag. 
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Abstract: Iron ore sintering process involves highly heterogeneous mass being taken through a cycle of fast heating 
and cooling. Short times and macroscopic heterogeneity leads to highly heterogeneous product. This makes 
characterization of the input and output challenging, leading to difficulties in process optimization. Yield of sinter 
acceptable to the blast furnace is low and offers opportunities for improvement. Within a sinter bed, there is 
variation between the top layer (under-sintered) and the bottom layer (over-sintered). This seems to be a 
consequence of heat transfer and accumulation, and due to travel of moisture and fine particles downwards. The 
character of Indian ore is fast changing towards higher alumina/silica ratio and higher goethite content. Further 
understanding is needed as to whether goethite is the problem, or it is the alumina content which needs to be 
addressed. The form in which alumina occurs in the ore can also be important. 
 
Keywords: sintering, agglomeration 
 
1. Introduction 
Iron ore sintering is an energy intensive process. In 
hot metal production, 10-15 % energy may be 
spent for sintering, though part of it is 
compensated by the decreased calcinations load in 
the BF. Since the yield of good sinter entering the 
BF is comparatively low (~70%), and the quality 
further affects BF efficiency, optimization of the 
sintering process, both for yield and quality, is of 
great importance.  
Since the quality of sinter is dependent not only on 
the chemistry but also on the mineralogy of the 
inputs, understanding the sintering process is 
challenging. Heterogeneity makes characterization 
of the inputs as well as the sinter product difficult, 
rendering optimization primarily dependent on 
empirical efforts. Continuously changing 
characteristics of the ore bodies and increasing use 
of iron and lime bearing plant waste in the sinter 
mix requires continuous experimentation and 
validation for optimized mixes on a continued 
basis. The fact that the shallow but long sinter bed 
makes the pot sinter experiments reasonably 
representative of the processes taking place in the 
sintering machine is, of course, a positive 
advantage.  
A fundamental understanding of the underlying 
mechanisms of the physical and chemical 
processes that take place during sintering is 
therefore imperative, but has been elusive. 
 
2. Challenges 
Figure 1 gives a schematic of the sintering process 
in a pot sintering set-up. Half way through the 
process, one can divide the sinter bed into three 
broad zones: a zone of air preheat where the hot 
sinter transfers heat to the incoming air, a reaction 
zone where most of the physico-chemical 
processes of sintering takes place, and a solid 
preheating zone where the hot flue gases preheat 
the sinter mix and bring the temperature up for 
combustion of coke breeze. One can propose 
several sub-zones in the reaction zone.  Also 
shown in the figure are the temperature profile and 
the evolution of the exhaust gas composition 
during the process. Note that there is about 1-2% 
CO in the exhaust gas in the presence of about 10 
% oxygen, indicating quenching of the combustion 
gas.    
In the present context important aspects to be 
noted are the time-temperature sequences. The 
initial temperature rise is very fast, the wave 
reaching a peak in 10-20s. The rise period 
should correspond to the exothermic combustion 
of coke. Thereafter is the cooling period, where 
the gas is largely incoming air and highly 
oxidizing. Since the time above about 1100C 
(when the physico-chemical processes are active) 
is very small during the heating process, most of 
sintering processes should be taking place during 
the cooling period. This time is about 100-150s. 
During this short duration, one needs to form a 
melt, probably of calcium ferrite or fayalite 
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depending on proximities, dissolve other 
constituents like alumina, silica, etc., and then 
precipitate phases during solidification leading to 
various morphologies of magnetite, SFCA, glass, 
etc. Processes are heterogeneous and local, and not 
in equilibrium because of short times involved. 
The processes take place in varying gas 
composition too.  Hence phase evolution reported 
in literature studied under slow heating and 
cooling and under constant gas composition 
conditions can only be indicative.  
 
 
Figure 1 (a) Schematic of sinter bed and temperature 
profile, (b) exhaust gas variation with time 
 
Understanding of the processes taking place during 
sintering is therefore still inadequate, often leading 
to confusion in the reported literature. A real 
demand at present is that of a sintering simulator 
where a small sample can be subjected to fast 
changing temperature and gas composition. 
Understanding of the process also needs close 
collaboration between metallurgists, process 
engineers, mineral scientists and geologists. 
Though the exhaust gas consists of about 10% CO2 
and 10% O2, the gas composition in the 
combustion zone should be highly heterogeneous: 
highly reducing near a coke particle and oxidizing 
elsewhere. Even then one sees much of hematite 
being converted to magnetite indicating that the 
CO in the exhaust gas is a representative average. 
In the highly reducing region some wüstite is 
probably formed; it should get oxidized 
subsequently. Oxidation to hematite is restricted 
due to short times and lower stability. 
3. Opportunities 
The task is to maximize yield and quality for an 
optimum fuel rate. There can be two approaches: 
chemical and physical. The chemical approach is 
to manage the chemistry of the raw materials by 
selection, judicious mixing and with additives in 
the raw mix. The other approach is to study and 
bring about changes in the physical phenomena 
taking place: heat transfer, mass transfer, 
granulometry, etc. 
The quality of the sinter and the yield depend on 
the quality of the bonding phases, which in the 
case of fluxed sinters are supposed to be largely 
SFCAs. Amounts of these phases depend on the 
time the materials remain above liquid forming 
temperatures (>1100°C), and the quality seems to 
depend on the level of the temperatures. It has 
been suggested that higher temperatures lead to the 
less favoured massive SFCA in preference to the 
acicular SFCA1, though chemistry of the mix (e.g., 
Al2O3 content) is also considered important[1.    
One of the well-known features of sintering is the 
variation of quality and yield along the height of 
the bed. If the coke rate is adjusted for proper 
sintering of the middle third of the bed, the top 
layer is under-sintered and the bottom layer over-
sintered. Solution to this problem is the greatest 
opportunity, though acceptable alleviation 
procedures have not been forthcoming. Though the 
obvious solution is to layer the mix in the bed, 
acceptability of this in the plant has been low.  
A look at temperature profiles one obtains at 
various heights in a sinter bed indicates that both 
the peak temperature and the local sintering time 
(time above 1100°C) increase at lower levels. This 
indicates that (i) there is accumulation of heat in 
the sinter bed and that the cooling of the bed is 
slower than the rate of travel of the flame front 
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(preheating of air a lot more at later times). In the 
top layer therefore (i) the air supplied to the 
combustion zone is cooler and (ii) sintered 
material after combustion cools faster. Additional 
fuel primarily increases the peak temperature; its 
effect on local sintering time is expected to be less. 
More effective will be supplying hot air to the bed. 
The recent innovation of recycling the hot flue gas 
from the burn through zone to the initial portion of 
the bed would achieve this, albeit by decreasing 
the rate of combustion due to less oxygen in the 
gas mixture. This would need adjustment of 
suction pressures if productivity is not to be 
affected.  
Less attention has been paid to the fact that a 
raised temperature front moves through the bed 
ahead of the combustion front in the early phases 
of sintering. This is due to the fact that the exhaust 
gases cannot carry the moisture in the bed (7.5-8% 
of bed weight) at room temperature. Hence the gas 
coming out of the combustion zone dries the bed 
and the excess moisture condenses ahead of this 
dry zone, raising the bed temperature and 
increasing the exhaust gas temperature (55-70°C).  
 
 
 
Figure 2 Dense layer formed ahead of the dry zone[2]  
 
In the dry zone fine particles of coke and ore are 
dislodged and are carried forward to be trapped in 
the very wet zone ahead leading to the formation 
of a dense layer which travels (Fig.2)[2]. The top 
layer therefore probably gets stripped of fine coke 
and the bottom layer probably has more of it. 
Stopping dislodgement of fine coke in the top layer 
would probably help. One does not know the effect 
of travel of fine ore on the sinter characteristics. 
There may be other possibilities.  
Normally one only bothers about the granulometry 
of iron bearing materials. Size distribution of coke 
particles should also be important; less fines (say 
<150μm) should decrease the peak temperature 
and broaden the peak resulting in favorable 
distribution among SFCAs. Dislodgement effect 
may also be less. Even in the iron bearing 
materials, the role of the intermediate sizes, which 
neither form nuclei during granulation nor coat the 
nuclei, is another area worth investigating.  
Some sporadic results indicate that moisture in the 
incoming air is beneficial (Fig.3). Though the 
reason is not established, moisture is believed to 
oxidize wüstite/magnetite delivering the resultant 
hydrogen to the combustion front. Some plants 
adopt the practice of spraying water on top of the 
bed. There is a fear of water trickling down the 
sintered layer leading to crack formation. 
Supplying steam, just adequate to increase the RH 
and the temperature of the air may be more 
beneficial, especially in the top layer.  
 
Figure 3 Effect of atmospheric air on shatter strength 
 
Supplying oxygen in the initial part of the bed is 
another practice experimented extensively. This 
would raise the combustion temperature without 
probably increasing the local sintering time. Of 
course oxygen adds to the cost. Figure 4 gives 
some preliminary results, where oxygen was added 
in the first 1/3rd of the sintering period[2,3]. It is 
evident that the effect on the top layer is 
significant.  
4. Goethite/Alumina 
Alumina/silica ratio in Indian ores is 
comparatively high, being one of the reasons 
quoted for poor quality sinters with relatively more 
massive SFCA. Goethite content is also increasing 
as one uses leaner ores. This too is considered 
adverse due to the extra heat requirement. 
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However, one should note that goethitic ores are 
normally higher in alumina (AlOOH and FeOOH 
being miscible in each other). Alumina can also  
occur in various mineralogical forms: e.g., gibbsite 
or kaolinitic clay. Initial experiments where iron 
fines with lower alumina and higher silica were 
enriched by addition of gibbsite did not seem to 
decrease yield or shatter strength. More 
experiments are needed to settle this issue.[4] 
Figure 4 Effect of oxygen injection to incoming air in 
the bottom and the top layer. The product (yield x 
shatter index) is an indicator of productivity. [2] 
 
 
 
 
 
 
 
 
 
5. Summary 
Fundamental understanding of the phenomena 
during sintering is still inadequate, leading to 
optimization being done through laborious 
empirical means. Improvement in understanding of 
the physico-chemical processes should help in 
decreasing this effort and increasing yield and 
quality. Some aspects like, heat yield in the top 
layer, movement of fines to lower layers,  role of 
air moisture, managing coke size distribution, etc., 
are other opportunities to be explored.  
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Abstract: Biogas is the gas generated from degradation of organic material, producing methane, one of gas 
responsibly for Greenhouse. To reduce this contribution, appear new ideas on renewable source of energy, 
and the use of biogas replacing a part of the material injected on blast furnaces in Iron and Steelmaking 
Industry is one of them. Brazil has a large herd animal, making it a major agricultural producers, while rich in 
natural resources, Brazil has an important role in the steel industry, these two activities now represent the 
largest contributors to greenhouse gases responsible for the greenhouse effect, the purpose of this paper is to 
show a solution for these two processes, thus mitigating the emission of polluting gases into the atmosphere. 
In this study, we noted that the use of agricultural wastes for production of biogas and the use of biogas as 
auxiliary fuel in blast furnaces.  
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1. Introduction 
Currently the technology of auxiliary fuel 
injection in blast furnaces is a recurrent practice 
in the steel industry. One of the most used 
auxiliary fuel, is the injection of pulverized 
coal, that has been practiced worldwide (Assis, 
1993). Actually there are more than 400 blast 
furnaces that use  injection of materials as 
auxiliary fuel in blast furnaces, this represent 
70% of the blast furnaces in the world 
approximately, use any type of solid material as 
auxiliary fuel (Assis, et al., 2002) 
The auxiliary fuel injection in the steel industry 
do not represents only an economic gain, but 
also an environmental gain. By analyzing the 
national energy system it was observed the 
important role of the steel segment of the 
national industrial sector (CAVALIERO, et al., 
1998), due to the high consumption of 
metallurgical coke energy in the steel 
production, showing the predominance of coke 
in integrated plants. 
The reduction stage is responsible for most of 
the energy consumed in the steel industry and, 
therefore, it is concentrated at this stage the 
energy conservation measures. Among them, 
there is the auxiliary fuel injection in blast 
furnace that has been adopted by major national 
steel industry (Araújo, 1997). 
The risk of global warming due to the increase 
of the concentration of greenhouse gases has 
been affirmed by thousands of scientists, 
making increasing concern about climate 
changes in recent decades. Among the gases 
that contribute to the greenhouse, stands out 
carbon dioxide (CO2), whose high emission 
rates are mainly due to the use (burning) of 
fossil fuels and loss of vegetation cover in 
different sectors of activities, mainly in power 
generation, transportation and industry 
(Campos, 1998). 
In order to combine these two technologies, 
biogas production and auxiliary fuel, is that this 
research is established, get a new auxiliary fuel 
and add value to livestock waste, often touted as 
environmental liabilities. 
2. Methodology 
The study was conducted simulating 
theoretically and practically the possibility of 
generating biogas from Brazilian herds by 
searching theoretical study tests for the 
determination of biogas generation in 
agriculture, besides the potential of injecting 
auxiliary fuels blast furnaces. The result 
discussion took place with both professionals in 
the field of environment and the steel industry. 
Out of the use of biogas into blast furnaces, it is 
highly recommended use that one in the direct 
reduction process. In this sense, some 
calculations were performed to show the 
advantages of the proposed use of biogas. It 
must be observed that the production of biogas 
can be done not only in Brazil, but abroad, 
mainly where there are enough cattle breeding, 
such as India, Brazil, China, USA and others 
countries. 
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3. Results and Discussion 
3.1Potential for generating Brazilian biogas  
From the research done, it can be determined, 
using the potential of biogas generation in 
according to the total volume of waste produced 
by the actual number of animals of Brazil 
(IBGE, 2010). The potential for generation of 
biogas per animal varies on the type of cattle, as 
assessed by the survey below; it is given the 
volume of gas in cubic meters of biogas per 
kilogram animal manure.  
Biogas / kg of waste 
(i) Veal 0.10 m³ (Amaral, et al.) Average 
25kg/day waste, 500 kg of live weight 
(ii) Swine 0.50 m³ (Konzen, 1983) with an 
average of 4.5 kg / day of waste, per 100 kg 
liveweight and  
(iii) Chicken 0.372 m³ (Lucas Jr, et al., 2000) 
with an average of 0.031 kg / day. 
Brazil has a large herd in three segments, 
considering the effective population of Brazil 
(IBGE, 2010), we had: 
• Effective Veal: 199 752 014 head of cattle 
• Effective Pigs: 34,064,019 pigs 
• Effective poultry: chicken 1.244.260.918 
Considering the number of three domestic herds 
it can be obtained the amount of biogas: 
Biogas Generated Daily: = 7,2x108 m³/day  
Considering the average composition of 60% 
methane, the methane production from biogas 
from cattle it is about 1,59 x 1011 m³/year. It is 
therefore not hard to understand that even the 
actual number of chickens being much larger 
than the number of cattle and pigs, the ability to 
generate biogas for this group is limited by the 
low volume of manure that is produced by these 
animals. However, although an effective 
smaller number compared to the chickens, the 
bovine proved to be extremely superior in 
generating biogas. 
3.2 Consumption of coal injected into blast 
furnaces in Brazil 
Consumption of coal, injected into blast 
furnaces in Brazil, can be estimated considering 
an average injection rate of 150 kg / t of hot 
metal, as well as an annual production of hot 
metal from 30 million tons (Assis, 2010) 
One advantage of this conversion is that CO2 is 
contained by the biogas. We need one mol of 
CO2 per mol of CH4. The biogas analyzed by 
Assis (Assis, 2013) has shown CO2 corresponds 
only half part of CH4. The other part can come 
from the top gas from Midrex Process. 
The other possibility is to use the biogas 
directly into the tuyeres of Blast Furnace. In this 
can, we will have a reduction of flame 
temperature that can be compensated by oxygen 
injection or even higher blast temperature. 
3.2.1 Maximum injection rate of biogas in 
blast furnaces 
Considering the average PCIBG = 5107 kcal 
(Winrock, 2010) and PCIGN, = 8300 kcal 
(CENBIO, 2010) so the maximum injection rate 
can be calculated: 
RATE INJ. MAXIMUM = 100 (Nm ³ / t hot 
metal) PCIBG x / x PCIGN 30,000,000 ( t hot 
metal) 
RATE INJ. MAXIMUM = 5.107/8.300 x 100 x 
30 million = 1.845.903.614 Nm ³ 
That means it is less than 1 % of biogas that we 
can produce in Brazil. 
3.3 Biogas to the direct reduction 
Having the potential to generate biogas 
Brazilian and the maximum rate of biogas 
injection in blast furnaces, ie, the maximum 
amount of biogas that can be injected into blast 
furnaces, then it can be calculated the remaining 
gas amount (about 60% methane) that can be 
able to be used in the direct reduction process 
(VBGR). 
Whereas the quantities of other gases are 
negligible, and that the gas constituents of 
biogas are predominantly CO2 (33.3%) and CH4 
(66.7%). As the biogas has CO2 quantities, then 
there is a saving of 33.3% CO2 to gasification. 
Disregarding the economy due to the CO2 
present in biogas, considering only the methane 
to the process, ie, the worst situation, but the 
situation in which the biogas is most similar to 
natural gas as a proportion of methane. 
Considering the natural gas consumption in 
direct reduction is 250 Nm ³ / t of sponge iron 
(Assis, 2010), then the maximum amount of 
sponge iron can be produced under these 
conditions. 
SPONGE IRON PRODUCED = 1,5 1011/250 = 
6 x 108 t / year 
It is important to mention that out of the use of 
biogas into blast furnace or in Direct Reduction 
Unit, like MIDREX, the use of it can be applied 
in heating furnace for ingot casting or even in 
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furnaces, where heating provided by Natural 
Gas has been used.  
Under the point of view of economical, some 
calculations done by the group showed that the 
CAPEX for gas generation and transport was 
10% in relationship to Natural Gas. If we 
consider the OPEX, the cost will be less than 
half for the biogas compared to natural gas. It 
can be forecast that the change from Natural 
Gas to Biogas will improve the life in the farms, 
in the small cities, denying the exodus for 
people those are searching for better life in the 
big cities. In a long term vision, slams, drugs 
and other problems connected with them can be 
eliminated by this new and challenged 
technology. One very important point is 
connected with is the high reduction of GHG 
emission (Assis, 2013, India, Jamshedpur). 
4. Conclusions  
It can see from this study that the use of biogas 
is underestimated today, Brazil has a great 
potential for the generation of this energy, 
although the country does not use that potential. 
The use of biogas as auxiliary fuels in blast 
furnaces has, according to the study, a feasible 
alternative to the import substitution of coal in 
the Brazilian blast furnaces. There is a 
possibility of application of biogas not only in 
the production of sponge iron, but also injected 
through the tuyeres of the blast furnace).It is 
estimated that the production of steel from this 
green technology may reach values more than 
500 million tons of steel, in Brazil, only from 
the direct reduction units.The biogas can 
substitute natural gas into heating furnaces, 
giving better advantages under the economical 
point of view (less CAPEX cost). Anyway, with 
this new model is expected to contribute to 
reducing the emission of greenhouse gases (eg 
CO2 and CH4), enabling the confinement of 
animals (reduction in livestock farming), to 
mitigate contamination of soil by the manure 
generated by these animals, increasing the 
domestic production of steel and unlinked to the 
use of charcoal and coke. By using this 
technology, it is expected to improve the life in 
the farm as well, by creating better developing 
and social conditions for the people those leave 
in out of cities. 
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Abstract: A methodology based on a two-stage approach was developed for process technology selection. The first 
stage includes evaluation of available technologies, followed by short-listing of the best technologies based on mass 
and energy balance modelling, financial analysis and risk analysis. The second stage involves detailed analysis using 
refined input data, mass and energy balance modelling, and capital and operating cost estimation, as well as a 
detailed financial analysis. A case study covering selection of ironmaking technologies for a company located in the 
Russian Federation is presented to illustrate the critical elements of the methodology developed and the analysis 
carried out. 
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1. Introduction and methodology 
The first and perhaps the most essential step in the 
technology selection is the analysis of the quantity, 
quality and pricing of the iron product to be 
produced at the future facility. Once this aspect is 
well-understood, the best site-specific process 
technologies can be selected by carrying out a 
techno-economic evaluation of the promising 
technologies, considering the combined impact of 
technology, cost of production and transportation. 
Understanding and managing the risks associated 
with the introduction of a new technology in the 
highly capital-intensive, large volume and low-
margin iron and steel industry is a key to 
effectively implementing a lasting change. A two-
stage methodology for selection of the best 
ironmaking process technology for a given site 
specific condition was developed by the authors 
and their colleagues, and was applied in the iron 
and steel industry  
 The first stage of this methodology includes a 
preliminary evaluation of all available site-
specific data and potential technologies, 
followed by selection of up to 4 candidate 
ironmaking process technologies based on a 
risk analysis, simple financial analysis 
covering payback period calculation, factored 
capital cost analysis, and operating cost 
estimates.  
 The second stage consists of a more detailed 
analysis using refined input data, mass and 
energy balance modelling, and capital and 
operating cost estimation, as well as a 
financial analysis of the shortlisted ironmaking 
process technologies, resulting in a final 
selection of the best suited process technology. 
During the first stage of evaluation, a preset 
process of technical and economic analyses is 
carried out to screen and filter all available process 
technologies. The key evaluation metrics are listed 
as follows: roduct mix and requirements for the 
final steel product; Requirements and availability 
of raw materials including its quality; Reductant 
and fuel requirements, and their related quality; 
Principles of plant operation; Concept level flow 
sheet for each technology; Mass and energy 
balance modelling Review of scaling principles for 
each technology; Analysis of the technical / 
technology issues; Assessment of risks, state of the 
development of the technology, and complexity of 
the operation; Estimated operating cost based on 
the key cost drivers and best practice operating 
conditions; Estimated capital cost including the 
core process units as well as any utility / 
infrastructure facilities directly associated with the 
unit process. 
The second stage of the evaluation process is based 
on refined input data and a detailed financial 
analysis. The financial analysis incorporates 
analysis of local taxes and depreciation and an 
analysis of sustainable maintenance. These aspects 
of the project are best evaluated utilizing an 
internal rate of return (IRR)/net present value 
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(NPV) estimate, based on discounted cash flow 
analyses and analysis of project financing impact.  
To illustrate the critical elements of this 
methodology and the analysis required for the 
successful selection of ironmaking process 
technology, a case study is presented to highlight 
the key issues involved with technology selection 
and the associated risks. The case study covers the 
evaluation and selection of the best (most-suitable) 
ironmaking process technologies for an iron and 
steel company that is located in the European part 
of the Russian Federation. The case study 
describes the methodology and how it was adopted 
for the Russian steel company in the selection of 
the best ironmaking process technology for 
production and supply of alternative iron units as a 
scrap substitute for its new mini-mills, as well its 
existing steel plants having both electric arc 
furnaces (EAFs) and basic oxygen furnaces (BOF) 
for primary steelmaking. As mentioned earlier, the 
ironmaking process technology selection process 
considered the steel company’s access to specific 
input raw materials and reductants, as well as 
fuels. 
2. Case study 
Due to limited availability of scrap, a steel 
company located in the European Part of Russian 
Federation needed to review the available and 
emerging ironmaking process technologies for the 
production of iron units for new mini-mills 
(capacity ~ 1 Mtpa crude steel each) at two 
different cities (City 1 and City 2), as well as at 
their existing steel plants. The main intention of 
this techno-economical review was to replace and 
redistribute the expensive (and limited) purchased 
scrap for the new mini-mills, as well as the 
existing steelmaking plants. The methodology 
developed by the authors and their colleagues was 
applied to assist the steel company in strategic 
planning for input raw materials for the future.  
Following were the main points considered in this 
case study: 
 Based on the design features of one of the new 
mini-mills, two capacities of ironmaking plant 
were taken into consideration:  
o 1.6 Mtpa of DRI/HBI or PI/nuggets 
o 2.6 Mtpa of DRI/HBI or PI/nuggets 
 Six potential sites for the new ironmaking 
facilities were specified: 
o Existing steel plant location; Industrial 
Zone (IZ); Mine Site; City 1; 2; 3 
 Availability, quality and cost of iron ore 
concentrate, pellets, coals, fluxes, and utilities 
for the new ironmaking plant were specified. 
 Natural gas quality and availability at different 
sites. For the blast furnace route, purchased 
coke was considered (hence, coke plant was 
not considered). 
Analysis of the chemical composition of iron ore 
concentrates available for the study shows that all 
available concentrates are within the range of 
concentrates successfully tested for ITmk3, RHF 
and Rotary kiln direct reduction processes, with 
exception of higher sulphur level.  
Analysis of chemical compositions of available 
oxide pellets for processing to DRI / HBI indicates 
that available iron ore pellets are acceptable for 
HM production. However, these do not meet 
process requirements of DRI production by 
Midrex, HYL and Rotary kiln technologies. 
Analysis of chemical composition of available 
reductant coals showed that medium volatile 
matter coal and anthracite are suitable for all 
processes as well as Kuzbassrazrezugol, CC, T 
coal.  
Due to the inferior quality of oxide pellets and 
their higher sulphur content, the impact on 
steelmaking is expected to be adverse with respect 
to consumption of fluxes, slag volume, electrical 
power requirements, power-on time and/or 
transformer size requirement. In addition, the iron 
yield is expected to be lower as compared to 
current practice (defined as the “base case”). Thus 
the “value-in-use” aspect covering steelmaking 
process needs to be taken into account in the 
overall assessment of financial viability of the 
project. The quality of input raw materials 
considered in the study is expected to be very 
relevant for the steel companies in India that are 
faced with inferior quality of input raw materials. 
3. Ironmaking technology evaluation – stage 1 
The various ironmaking process technologies 
currently available in the market at the 
demonstration or industrial stage. Only the 
industrially-proven processes or processes at the 
demonstration stage, were taken into consideration 
in this study. 
Comparison of ironmaking process technologies 
evaluated for 1.6 Mtpa ironmaking plants are 
presented as follows: 
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 in Table 1 for Blast furnace, Midrex Coal gas 
based, Hyl Coal gas Based, Midrex Natural 
gas based, Hyl Natural gas based, Rotary kiln 
and Rotary kiln with Smelter , and 
 in Table 2 for the remaining technologies – 
Technored, Hismelt, Romelt, Finex, 
ITmk3, RHF and RHF with Smelter.  
The results indicate that ITmk3 process and 
Natural gas-based DRI shaft furnaces perform 
well, as do the RHF Technology, all having the 
shortest 3-year payback period. 
The Stage 1 Technical Evaluation helped shortlist 
the following three technologies for the next stage 
(Stage 2) of evaluation: ITmk3 process; RHF + 
Smelter process route and Natural gas Based 
HYL/Midrex technology (for some scenarios) 
4. Ironmaking technology evaluation - stage 2 
As mentioned earlier, the ITmk3 process, RHF + 
Smelter route and HYL/Midrex gas based 
technology were selected for the Stage 2 
technology evaluation for the following reasons: 
 The ITmk3 process, and HYL/Midrex 
natural gas based shaft furnace direct 
reduction technology have similar pay back 
periods of 3 years and are the winners in the 
first stage of technology selection  
 Natural gas based DRI/HBI technologies can 
be considered only for the existing iron and 
steel works location or IZ location, and only 
for 1.6 Mtpa capacity due to natural gas supply 
limitations.  
 Besides the natural gas based HYL/Midrex 
processes and the ITmk3 process, the RHF + 
Smelter route can present a suitable 
alternative, and can also be considered as a 
back-up technology for ITmk3 process, 
which could be easily converted to RHF for 
DRI / HBI production. 
The main objectives of the Stage 2 Technology 
Evaluation included selection of the best 
ironmaking technology, definition of plant 
optimum location and capacity, estimation of scrap 
savings at existing steel works for use at the new 
mini mills proposed in City 1 and City 2.  
5. Results of financial analysis and 
conclusions 
The IRRs for ITmk3 for the 2.6 Mtpa plant and 
1.6 Mtpa plant are ~20.3 and ~19.7 %, 
respectively. 
The IRRs for RHF + Smelter route for the 2.6 
Mtpa plant and 1.6 Mtpa plant are ~18.5 and ~15.6 
# 
The IRR for the HYL/Midrex HBI plant is the 
lowest at ~11 %. 
The ITmk3 process remains viable even at 30 % 
capital cost increase with an IRR of 14.4 and 13.9 
% for 2.6 and 1.6 Mtpa plants, respectively.  
The RHF + Smelter route for 2.6 Mtpa plant 
remains viable at 15 % capital cost increase; at t 30 
% it is non-viable. 
All other technologies become non-viable at 15 % 
operating cost increase 
All ironmaking technologies are very sensitive to 
the product selling price.  
Both the ITmk3 process and RHF + Smelter 
route, are viable options at the existing location of 
iron and steel works. The highest IRR of 20.3 % is 
for a 2.6 Mtpa ITmk3 plant and the lowest IRR is 
15.6 % for 1.6 Mtpa RHF + Smelter process plant. 
The natural gas-based DRI/HBI processes are not 
viable.  
The mine site was found to be the second best 
location of ironmaking plant. At this location, the 
ITmk3 process remains viable for both the 2.6 
and 1.6 Mtpa capacity levels with IRR of 16.7 and 
16.1 %, respectively. RHF + Smelter route 
becomes not viable because of the significantly 
high cost of power plant. 
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Table 1 Consumption figures, capital and operating costs, and payback period – Part A 
 
Parameters 
evaluated 
in the study 
Ironmaking process technologies 
Blast 
furnace 
Midrex 
(Coal 
gas) 
HYL 
(Coal 
gas) 
Midrex 
(Natural 
gas) 
HYL 
(Natural 
gas) 
 
Corex Rotary 
kiln 
Rotary kiln 
with 
smelter 
Typical capacity 
(Mtpa) 
>1.0 
 
1.6 1.6 1.6 1.6 1.5 0.2 0.2 RK 
0.8 SM 
 
Capital cost (MM$) 759 842 851 432 432 1075 619 868 
Capital cost Rank 6 8 9 1-2 1-2 13 3 10 
Operating cost ($/t) 371 262 250 224 222 289 219 270 
Operating cost rank 15 10 8 7 6 13 5 12 
Payback period (years) 20 12 12 3 3 9 5 5 
Payback period rank 15 13–14 13–14 1–4 1–4 11 6–9 6–9 
 
Table 2 Consumption figures, capital and operating costs, and payback period – Part B 
 
Parameters 
evaluated in 
the study 
Ironmaking process technologies 
 
Technored HiSmelt Romelt Finex ITmk3 RHFh RHF with Smelter 
 
Capacity (Mtpa) 0.7 0.8 0.6 1.5 0.5 (0.55 designed) 0.6 0.6 RH 
0.8 SM 
Capital cost (MM$) 963 692 1160 1370 818 664 900 
Capital cost rank 12 5 14 15 7 4 11 
Operating cost ($/t) 174 289 196 266 218 183 253 
Operating cost rank 1 14 3 11 4 2 9 
Payback period (years) 
 
3 11 5 8 3 4 5 
Payback period rank 1-4 12 6-9 10 1-4 5 6-9 
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Abstract: The depletion of quality iron ore, metallurgical coal and other raw materials required for iron production 
is the biggest challenge for steelmakers in coming years. Variations in feed quality affect both the equipment and 
processes resulting in sub-optimal performances. The fluctuations in critical parameters due to the variations in iron 
ore chemistry, particle size distribution, moisture, loss on ignition (LOI), and flux addition necessitate proper 
process management at different stages to maintain final agglomerate properties suitable for blast furnace (BF) feed. 
Wide fluctuations in size distribution and moisture content of feed causes variation in green strength, pellet porosity, 
cracks in fired pellets, increased binder consumption and dust generation. There is a huge scope to develop and 
adopt a number of process improvements in areas such as raw materials, operating practices, process control and 
monitoring, etc for the hot metal production in India, cost effective and globally competitive. At JSW Steel, a 
number of innovative process improvements such as beneficiation of low grade iron ores, micropelletization of 
process wastes, briquetting of mill scales, recovery of iron values from slimes, dust and sludge, etc. have been 
adopted. The present paper deals with various steps taken to improve performance of furnace operation and cost 
effective hot metal production through blast furnace route.  
 
Keywords: Loss on ignition (LOI), blast furnace (BF), pelletization, slime, sludge. 
 
1. Introduction 
Indian steel industry is one of the world’s largest and 
growing at a rapid pace. Although India is endowed 
with large resources such as raw material and 
manpower, utilizing every opportunity to improve 
the processes, effective utilization of natural 
resources, develop technologies to minimize material 
& energy losses, and adopting the best available 
technology will enhance the competitive edge of 
Indian iron and steel industry globally.   
Depletion of quality iron ore and availability of large 
quantities of fines due to mechanized mining 
practices necessitates beneficiation of fines to 
recover maximum mineral value. In the process, 
substantial amounts of tailings/slimes are generated 
which are normally discarded. The generation of iron 
ore slime in India is estimated to be 15-28% by 
weight of the total beneficiated iron ores [1].  Also, 
substantial amounts of dust, sludge and mill scale are 
generated as process wastes in the steel industry and 
has good amounts of useful mineral content. 
Accordingly, the focus should be on effective and   
efficient utilization of the above.  
Ironmaking process is a critical control link for 
optimization of production costs and energy 
efficiency in steel plants. The recent advances in BF 
ironmaking technology are mostly focused on two 
important aspects, i.e., lower energy consumption 
and higher production efficiency[2]. 
The number of BFs in service in Japan has decreased 
from 65 in 1990 to 28 in 2016, a decrease of 57%, 
while the average volume of BF has increased from 
1558 m3 to 4157 m3, an increase of 167%. Similarly 
in Europe, a decrease of 37% in operating furnaces 
and an increase of 22 % in furnace volume has been 
recorded. Larger furnaces have advantages in water 
consumption, fuel consumption, power consumption, 
and environment protection[2].  
At JSW Steel, a number of innovative process 
improvements in the areas of iron ore beneficiation, 
agglomeration, ore & coal blending, recycle and 
reuse of process wastes to recover mineral values, 
energy savings & recovery have been developed and 
adopted. These initiatives have helped JSW Steel to 
maintain its position as a low cost steel producer in 
the country and one of the best steel producers in the 
world (6th position in FY 17-18 by World Steel 
Dynamics). 
2. Management of variations in raw materials 
Process engineering consists of process integration 
and optimization. Any process integration is mainly 
based on the function analysis of procedures/devices 
and technological normalization. Generally, the 
operation control of the chemical/metallurgical 
process should be stabilized for the dynamic 
continuous process, viz., low temperature operation 
should be obedient to high temperature operation 
such as sinter or pellet production should be adapted 
to the requirements of BF dynamic operation.    
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2.1 Reducing Fe variations in iron ores by 
optimized blending  
 Iron ore fines (IOF) sourced from different mines 
are inconsistent in terms of quantity & quality (Fe, 
silica, alumina, and manganese) and lead to poor 
performance of unit operations in the beneficiation 
process. 
 
Table 1: Sources of iron ore fines and composition 
 
 
To provide stable raw material input quality, an ore 
blend optimization model has been developed and 
implemented to maintain consistency in chemistry 
w.r.t Fe, alumina and silica. The benefits derived 
from the blend optimization are: 
 Improved consistency of input feed chemistry by 
24%. 
 Prior information of feed chemistry and reduced 
variation in unit operations and process 
parameters. 
 Improved consistency of sinter and pellet feed 
chemistry by 22% and 17% respectively. 
 Improved and consistent grain size and moisture 
in pellet concentrate.  
2.2 Iron ore beneficiation 
JSW Steel has set-up Asia’s largest beneficiation 
plant with a designed capacity of 20 MTPA. The 
plant treats ~40,000 TPD of medium and low grade 
iron ores and generates around 12,000 T of pellet 
grade (63% Fe) and 20,000 T of sinter grade (62%) 
materials. This has helped the plant by reduced 
dependency on high quality ores, significant cost 
saving in procurement, utilization of domestic low 
and medium grade iron ore, and maintaining 
consistent feed quality to agglomeration units. 
2.3 Impact of Particle size distribution, LOI, 
and Moisture in pelletization 
Wide fluctuation in particle size distribution of pellet 
feed causes variations in binder consumption, green 
strength, pellet porosity, cracks in fired pellets and 
fugitive dust generation during induration. Extensive 
laboratory studies have been conducted and different 
process conditions have been optimized to achieve 
stable operations. 
 
a) -10 µ fraction in blend is optimized at 32-34 %. 
b) Activation of bentonite by chemical intervention 
to reduce the consumption by 30 % per ton of 
pellets. This resulted in reduction of gangue load 
through binder. 
c) LOI (2 to 9 %) in the iron ores is mainly 
contributed by the presence of goethite and 
kaolinite. Goethite ore contains a significant 
amount of chemically bonded water[3]. Higher 
LOI content in the ore results in high tendency 
of cracking, decrease in CCS (Fig.1) and 
detoriation in RDI properties (Fig.2). The 
induration temperature and carbon addition is 
optimized at 1300 0C and 1% respectively to 
counter the problem of LOI in pellets.  
   
Figure 1 Effect of LOI on CCS of fired pellet 
 
 
Figure 2 Effect of LOI on RDI of fired pellet 
 
d) Inconsistent filtration operation in beneficiation 
process results in excessive pellet feed moisture 
(9.5-11.5%). To counter the same, the common 
measures adopted could be addition of dry dust, 
increase in binder dosage. An alternate process 
modification for hot gas circulation in drying 
zone to reduce the thermal gradient in pellets has 
been devised and implemented. This has resulted 
in reduced cracking tendency and consistent 
binder dosage.  
2.4 Use of activated binders 
Two methods of binder activation were 
experimented to enhance the binder performance. 
The first method involved alkali activation and the 
second was to introduce polymerization by polyacryl 
Sl.No. IOF Sources Fe,% SiO2,% Al2O3,% Sl.No. IOF Sources Fe,% SiO2,% Al2O3,%
1 NMDC KIOM-B Block 57.94 4.15 6.78 15 Nadeem 58.32 7.86 4.48
2 NMDC- KIOM-C Block 60.77 2.64 4.62 16 R Praveen Chandra -SLU (RPC) 56.08 5.10 2.80
3 NMDC- DIOM 59.62 6.41 4.32 17 MH Rao 60.41 9.94 2.23
4 SESA STERLITE LTD(C-Durga) 56.88 4.29 3.94 18 LMC 58.19 10.27 2.90
5 SESA GOA LTD-KULLEM 58.42 4.34 4.31 19 SWML-CRUSHER 48.44 14.57 8.40
6 SMIORE KVS 58.10 2.81 6.06 20 ANS 50.47 12.53 8.99
7 SMIORE DEWAGIRI 52.99 5.66 2.24 21 B R SURENDER SINGH 47.13 12.45 9.72
8 SMIORE SK 54.27 2.34 7.28 22 V DODDAPPA 57.07 5.80 5.76
9 SMIORE CBG 55.09 2.21 6.27 23 NAGAPPA 50.22 16.19 4.78
10 MML  TIOM 59.29 8.27 3.59 24 KAVIRAJ 57.18 10.18 3.53
11 BKG GRADE(BRG) 57.81 3.20 5.85 25 RUNGTA - LOW GRADE 58.98 4.64 5.43
12 MML - SIOM 60.35 5.23 4.14 26 SVS 48.70 14.84 9.05
13 RMML-IYLI GURUNATH 58.81 10.91 2.37 27 SMIORE KVS 58.43 3.84 5.04
14 ZTC 59.31 3.63 5.23 28 R MALLAMMA 58.12 7.69 5.28
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amide based polymer[4]. The results of the laboratory 
scale studies are presented below.  
Table 2 Properties comparison of normal bentonite 
against activated bentonite 
Parameters 
Polymerized 
bentonite 
Normal 
Bentonite 
Free Swelling Value, % 33 23 
Plate Water Absorption 680 521 
MBA,  mg/ gm of clay 425 362.5 
Blaine number (m2/kg) 300 321 
Gelling time, sec 25 1 
Gel formation  index, ml 82 65 
 
Table 3 Green pellets properties with normal and 
activated bentonite. 
Binder, % 
Avg. GCS 
(kg/pellet) 
Avg. Drop 
Strength (No.) 
0.3 CAB 0.80 8 
0.4 CAB 1.17 12 
0.5 CAB 1.41 20 
0.8 Bentonite 1.30 18 
 
While the dosage of normal bentonite was 
maintained at 0.8 %, the activated bentonite dosage 
was varied from 0.30 - 0.50 %. 
 
 
Figure 3 GCS of green pellet with Normal and  
activated bentonite 
 
Figure 4 Green pellets properties with Normal and 
activated bentonite 
 
Figure 5 Influence of binder on CCS of pellets 
 
Use of activated bentonite has resulted in remarkable 
improvements in pellets properties (Figure 5). 
 
3. Cost effectiveness for sustainable ironmaking 
through process improvements and waste 
recycling 
Some of the major developments in industrial 
practices in ironmaking in last 50 years [5] focuses on 
use of prepared burden in the form of sinter and 
pellets, sized and high quality of coke, pulverized 
coal injection, high blast temperature with oxygen 
enrichment, high top pressure operation, adoption of 
bell-less charging device, process control and 
automation.  
3.1 Increased use of prepared burden 
Use of screened sinter and pellets in BF as a feed 
material decreases the cohesive zone thickness due 
to narrow softening-melting ranges and provides 
better bed permeability due to its porous structure. 
Fluxed sinter/pellets leads to less energy requirement 
inside the BF as the fluxes get calcined outside the 
BF. Every 1% increase of sinter in burden can 
reduce coke rate up to 1.5 kg/thm. Pellets give better 
bed permeability due to spherical shape and better 
gas-solid contact for its highest surface-area/volume 
ratio. At higher PCI levels, use of prepared burden 
for achieving good burden reducibility is another 
essential requirement. The prepared burden for large 
blast furnaces is increased to more than 85%.  
3.2 Usage of inert carbonaceous material in 
coal blend to reduce the cost of coke 
At JSW Steel, use of low ash inert carbonaceous 
material @ 10 to 15% in the coal blend, reduced the 
VM from 27 to 23%, coke ash from 13 to 9%,  coal 
to coke conversion ratio reduced from 1.38 to 1.33 
and increased  dry coke yield by 3%. The reduction 
in coke ash was a significant achievement which 
enabled reduction of coke rate in blast furnace. The 
reduction in coal to coke conversion ratio resulted in 
significant cost saving. 
3.3 Coke moisture control through dry 
quenching (CDQ) 
Coke moisture is an important parameter which 
drives the fuel consumption in the blast furnace. 
Higher moisture in coke requires extra heat energy to 
dry the coke and results in higher fuel rates. The new 
process of dry quenching of coke helps in 
maintaining the coke moisture below 0.5% while 
improving the coke strength and mean particle size 
(MPS). The dry quenching technology also helps in 
recovering heat energy from the hot coke and 
generates power @ 0.008 MW/T of dry quenched 
coke and helps in reduction of CO2 emissions.  
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3.4 Top gas recovery turbines  
At JSW, two larger blast furnaces (BF#3 & #4) are 
operated with high top pressure achieving  a 
productivity level of 2.8 T/m3/day and a top gas 
pressure of 2.5 bar with gas temperatures of ~100 0C. 
The furnaces are equipped with top-gas recovery 
turbine (TRT) to generate power. At an average 
production level of 9500 TPD of hot metal, around 
12 MW power per day is generated. This helps in 
reduction of indirect CO2 emissions, and specific 
energy consumption. 
3.5 Recovery of iron values from slimes, dust 
and sludge for use in pellet making 
Large quantities of slimes (from iron ore 
beneficiation), process dusts (cyclone dust, bag filter 
dust etc.) and sludge are generated in a steel plant. 
These contain valuable minerals such as iron, 
carbon, lime etc. An appropriate technique to recover 
these valuables and recycling them into the process 
has helped in conservation of natural resources and 
cost savings. At JSW Steel, technology has been 
developed and implemented to recover 300 TPD of 
Fe of 62 % and 80 TPD of carbon of 54 % fixed 
carbon. 
3.6 Micropelletization of process wastes (dust 
and sludge) for use in sinter making 
The surplus quantities of dust (bag filter dust, ESP 
dust, lime & dolo fines, CDQ fines), sludge and LD 
slag fines are recycled in sinter making through 
micropelletization. JSW has developed and 
established the country’s first 0.6 MTPA micropellet 
plant and produces around 1900 TPD micropellets to 
be used in sinter making contributing to cost savings 
in raw material, energy and environmental 
mitigation. 
 
 
Figure 6 Input feed for Micropellets 
 
3.7 Briquetting of mill scales for use in 
steelmaking 
A substantial amount of mill scale, CRM dust and 
similar high iron containing wastes are generated 
during processing in an integrated steel plant. The 
mill scale contains high iron values in the form of 
flakes with size range of <8 mm. Due to its high Fe 
value and low silica load (<4 %) it can be used in 
steel making as replacement of lump ore as a 
coolant. At JSW, the country’s first mill scale 
briquetting (MSB) process has been developed and 
successfully commercialized and produces around 
650 TPD briquettes.  
 
 
 
 
 
 
 
 
Figure 7 Mill scale briquettes 
 
Use of mill scale briquettes in BOF exhibited 
enhanced rate of refining of hot metal leading to 
reduction in coolant requirement by ~ 0.5 %, O2 
consumption by ~66 Nm3/heat of 140 T and 
improved metallic yield by ~ 0.9 %. Additional 
benefits accrued are reduction in reblows by ~ 0.62 
%, reduction in final oxygen in the blow by ~ 21 
ppm and increase in gas recovery by ~381 Nm3/heat 
contributing to large cost savings. 
4. Conclusions 
A number of opportunities exist for process 
improvements and technology adoption for 
improving cost efficiencies of BF iron making. They 
also help in mitigating environmental issues, 
conservation of natural resources (raw materials and 
water), waste management and energy recovery.  
While the above refer to a few of the improvements 
made and strategies adopted at JSW Steel for 
maintaining the technological edge, and cost 
competitiveness.  
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Abstract: Multiphase flow in the porous media is quite common in all the spheres of life like percolation of 
water through the soil, gas-powder injection in the packed bed, catalytic reforming, etc. However, predicting 
these flows from first principle has not been very successful. For example, flow through a porous media still 
needs experimental inputs such as bed permeability of a particular process to predict a reasonable liquid flow 
behavior of that process. Similarly, the liquid flow, whether it is non-wetting or wetting (specially in case of 
very low liquid flow rate), is modeled using continuum approach which in reality is far away from the 
experimental observations. Experiments show the liquid flow in non-wetting conditions in the porous media is 
discrete (droplet or rivulets) in nature. Similarly, no standard procedure is available to estimate the power 
holdups and define the steady state in the gas-powder flow system in a packed bed. In this talk, some of the 
above mentioned issues would be addressed fundamentally and their solutions are also proposed. 
 
1. Introduction 
Flow through a porous media is quite complex 
phenomena due to the stochastic nature of the 
porous/granular bed (anisotropic bed properties, 
dispersion, void variations, etc). Therefore, 
proper deterministic theory is not available to 
model the liquid flow behavior from these 
media. Experimental inputs are always needed to 
define a particular process. The complexity in 
porous media is associated more with its random 
structure and thus the void fraction distribution. 
In porous media fluid (liquid or gas) flow occurs 
in various ways, like, liquid percolation in the 
soil, gases coming out from the soil, or mixture 
of liquid and gas flow coming out from the 
porous media (such as coal bed methane from 
the coal seam). In many cases, gas-powder flow 
also occurs in a porous bed in the above 
examples. In relation to metallurgy, multiphase 
flow occurs in many industrial processes like 
blast furnaces, reduction shaft, COREX etc. 
In the lower part of iron making blast furnace, 
four-phase flow (gas-powder-liquid-solid) occurs 
together, which makes this process quite 
complex from fluid flow viewpoint. In most of 
the metallurgical processes, the liquid flow is 
non-wetting in nature which travels in the form 
of droplets, rivulets or in combination[1-4]. 
Therefore, these types of flow cannot be 
modelled via continuum approach which 
obviously contradicts the visual observations. 
Fine coal, from the tuyere, is injected in the 
ironmaking blast furnace along with the gas in a 
moving coke bed. This problem belongs to the 
gas-powder flow through a packed bed. Many 
studies[5-9] have been done on the gas-powder 
flow in a packed bed under various conditions to 
estimate the powder holdup, both static and 
dynamic, in a stationery bed under the steady 
state condition. However, it is found that 
different researchers have used different methods 
to measure the various types of holdups. 
Similarly, many researchers have defined the 
steady state of the process in different ways. It is 
found that not only the estimation of powder 
holdups but also achieving the steady state of the 
process in the past, lacks proper accuracy in the 
data and definitions. In this talk, three 
fundamental issues are discussed briefly viz. 
discrete liquid theory, steady state and powder 
holdups in the porous media and their solution.  
2. Discrete liquid theory 
As mentioned above, modeling of non-wetting 
liquid as a continuous phase does not represent 
the actual physical picture in the granular media. 
Also, continuum model fails to predict the liquid 
flow region when packed bed is irrigated with a 
point source[10]. All these discrepancies led to the 
development of discrete flow models for the 
liquid phase. Ohno and Schneider[11] were the 
first to treat liquid as discrete phase in their 
stochastic model; they assumed liquid spherical 
droplets falling through a networked structure of 
the bed. Gupta et al.[12] postulated a ‘force 
balance approach’ (which is essentially a balance 
of all major forces acting on a liquid mass) for 
modelling liquid flow in a packed bed, which has 
been subsequently used by other authors in their 
work[13-15]. 
The force balance approach involves a balance 
among three major forces acting on a liquid 
mass: the body force (or liquid’s own weight), 
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gas-liquid drag force and the solid-liquid drag 
force as shown in figure 1. The vectorial force 
balance on a droplet/rivulet yields: 
   (1) 
Where,   is the drag force of the gas,  is the 
force due to gravity and  is the effective 
frictional resistance of the bed. The theory takes 
care of droplet/rivulet detachment, rivulet 
breakage and coalescence of droplet and 
rivulets[16]. It also distinguishes the liquid flow in 
terms of free flow (when liquid is not in contact 
with solid like traveling in a void) and non-free 
flow when liquid is always in contact with solid 
surface. This theory has been validated 
successfully against the experiments and has 
been applied to model the slag-metal flow[17] in 
the lower part of the ironmaking blast furnace as 
shown in Figure 2. 
 
 
 
Figure 1 Force balance on liquid 
 
3.Gas-Powder flow 
Steady state: 
When the powder is injected along with gas in a 
packed bed then some powder gets deposited in 
between the voids of the packed particles and 
this powder accumulation, under the steady state 
condition, is known as powder static holdup 
which is usually constant for a given set of 
operating parameters (such as constant gas and 
powder flow rate as well as packing particle 
diameter). It is obvious from this description that 
to measure the correct static holdup the process 
must be in a steady state condition. Many 
researchers, according to their convenience, have 
defined this steady state as when the pressure 
drop in the bed becomes constant[5-6] or when the 
exit powder flow rate becomes constant[9] and 
some did not mention about it[8]. However, it is 
found that these techniques will give the 
erroneous results. Therefore, a new definition of 
the steady state is proposed here. According to 
this definition when the powder (mass) IN is 
equal to powder (mass) OUT then one can 
consider that steady state of the system has 
reached. Under this mass balance condition one 
will always get the correct steady state and thus 
the consistent and reliable powder holdups data. 
These are shown in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
       (A) 
 
Figure 2 (A) Liquid flow lines at 0.04lpm liquid flow 
rate and 250lpm gas flow rate; (B) Simulation results 
showing liquid velocity vectors for condition of (A) 
using equation (1); (C)Flow of slag and iron at 40 m/s 
increasing gas blast velocity. 
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(A) 
 
 
(B) 
 
Figure 3 (A) Weight of powder collected in every 10 
minutes; (B) Pressure drop near the cavity region in 
gas-powder system. Packing particle size is 4mm and 
powder size is 137𝛍m. 
 
A plot between the collection of powder, coming 
out of the system, at every 10 minutes duration is 
shown in figure 3(A). The corresponding 
pressure drop near the raceway region with 
respect to time is shown in figure 3(B). Other 
details are shown in the figures. Figure 3(A) 
shows that system takes more than two and half 
hours to attain the mass balance and hence the 
steady state. At few places, in this figure, mass 
flow rate is constant (for example between 60 
and 70 minutes) but mass balance is not 
achieved. Therefore, this situation cannot be 
considered as steady state for the process. Figure 
3(B) shows the pressure variation near the cavity 
region and one can see that it hardly change with 
time. One can conveniently consider it as 
constant within 5 to 10 minutes duration which 
obviously is going to give a wrong information 
on achieving the steady state by the system. 
 
Powder holdups:   
Dynamic powder holdup, under the gas-powder 
flow, in a packed bed has been measured, in the 
past, either by collecting the powders, after 
switching off the inlet powder, for a particular 
time which varies in minutes (from 1 to 20 
minutes)[7]or by collecting powders until no 
powder comes out with the gas stream from the 
apparatus[9]. Again, this is an arbitrary way of 
defining dynamic holdup which will not only 
give inconsistent results but also wrong values. It 
has been observed that if dynamic holdup or 
powder collected more than a certain time then it 
is being collected at the expense of static holdup. 
Indeed, it has been seen that more time one 
allows in collecting the powder for dynamic 
holdup, the static holdup regions start reducing. 
Table 1: Data obtained from two repeat experiments 
 
Experiment No. Static holdup Dynamic holdup 
1 105 0.8 
2 104 0.7 
 
Therefore, another approach/ method has been 
proposed here which is based on the fundamental 
principle and will always give the consistent and 
correct results in all the conditions. It is based on 
the powder elutriation velocity. Theoretically, 
powder can only come out from the packed bed 
once it reaches to its elutriation velocity. For 
example, polyethylene powder of 137m size 
will have the elutriation velocity of 0.2 m/s. 
Based on this velocity and taking into 
consideration the packing height, tortuous path 
travelled by the gas and powder, mal-distribution 
of the gas and powder and the distance travel by 
them from the top of the apparatus to the 
collecting box, it may require about 30s 
maximum time. For most of the laboratory 
experimental set up conditions, to collect the 
powders for dynamic holdup, this time may be 
considered as adequate. Allowing more than this 
time, to collect the powders, would be at the 
expense of static holdup. There could be little 
variation in collection time if study is done at the 
plant level. However, this proposed method 
gives the basic frame work to calculate the time 
duration for collecting the dynamic holdup. 
Table 1 shows dynamic holdup collected during 
30s time period based on elutriation velocity 
concept, for two repeated experiments under the 
same conditions. Clearly, one can see the 
consistency, reproducibility and reliability in the 
holdups data, within the experimental error. 
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4.Conclusions 
It is shown that discrete liquid theory can take 
the care of discrepancies of continuum based 
model in defining the liquid flow through porous 
media, especially for non-wetting and low liquid 
flow rate in wetting conditions where continuum 
approach fails. New standard methods and 
concept have been introduced in term of 
determining the steady state and powder holdups 
in two-phase (gas-powder) system in a packed 
bed. 
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Abstract: A continuous casting nozzle is used as the refractory which determines the slab quality at the final stage, 
therefore high reliability and further high functionality are required. In recent years, erosive steel qualities such as 
high Mn steel, porcelain enameling steel, Ca treated steel tend to increase in addition to Al-, Al-Si- and Si-killed 
steel as the steel grades casted with continuous casting machines. The refractories using the basic raw materials such 
as the magnesia shows high erosion/corrosion resistance against the steel such as special steel which has erosion 
property. In this study, we focus on magnesia-graphite (labeled as MG) among the basic materials to be used in 
continuous casting nozzles, and investigated the influence of molten steel on its erosion resistance and its 
mechanism by comparing against alumina-graphite containing silica (labeled as AG) as the common material with 
the evaluated by rotating samples at high speed in molten steel. 
 
Keywords: continuous casting materials, magnesia-graphite, alumina-graphite, erosion/corrosion resistance 
 
1. Introduction 
The refractories using the basic raw materials such 
as the magnesia shows high erosion/corrosion 
resistance against the steel such as special steel 
which has erosion property, but it is not clear in 
detail. Consequently, the basic materials such as 
spinel and magnesia are often applied to the inner 
bore of nozzles for such erosive steel grades, but 
their detailed erosion resistant mechanism remains 
to be defined. In this study, we focus on MG among 
the basic materials to be used in continuous casting 
nozzles, and investigated the influence of molten 
steel on its erosion resistance and its mechanism by 
comparing against AG as the common material with 
the evaluated by rotating samples at high speed in 
molten steel. 
2. Materials and experimental procedure  
2.1 Refractories 
Chemical composition and properties of refractory 
samples for the erosion/corrosion test are shown in 
Table 1. In this study, magnesia-graphite composite 
was chosen (labeled as MG) because MG has no 
inclusion elements in the molten steel (i.e. Al, Si, 
Mn) and shows relatively good erosion/corrosion 
resistance; this experiment mainly focused on 
revealing the erosion/corrosion resistance of 
refractories against various kinds of steel under 
molten steel flow, while also investigating  
reactivity with inclusions for MG. In addition, 
alumina-graphite composite containing of silica, 
generally used as inner material for ladle shroud and 
submerged entry nozzle, were chosen (labeled as 
AG).  All samples had apparent porosity of 
approximately 18±1% after firing in non-oxidation 
atmosphere and these samples were machined into 
20×20×25mm pieces. 
Table 1 Chemical composition and properties of the 
refractory specimens 
2.2 Erosion/corrosion test under molten steel 
flow 
To estimate the erosion/corrosion resistance of 
refractories in molten steel flow, erosion/corrosion 
resistance of refractories were evaluated by rotating 
samples at high speed in molten steel. Schematic 
illustration of the erosion/corrosion test in the 
molten steel is shown in Fig. 1. 
The amount of steel for melting was approximately 
10 kg and the steel grade was low carbon steel 
which contained C: 0.11 mass%, Si: 0.22 mass%, 
and   Mn: 0.55 mass%. The steel was melted to 
1,550 ℃ under 1 NL/min Ar gas flow to suppress 
Material MG AG 
Chemical composition 
/mass%  Free C 
Al2O3  
SiO2 
MgO 
 
19 
 
18 
 62 
 19 
80  
Bulk density / g/cm
3
 2.47 2.39 
Apparent porosity / % 18.4 18.0 
Thermal expansion at 
1000℃ / % 0.41 0.21 
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the increase of the oxygen content in the molten 
steel. After that, the molten steel was added each 
deoxidizer as smelting treatment of the steel. The 
amount of each deoxidizer added was as follows 
respectively. 
 
Figure 1 Schematic diagram of the erosion/corrosion test 
in the molten steel 
Mn: 1.5 mass% in terms of outer percentage 
Al and Si: 0.4 mass% in terms of outer percentage  
For High-oxygen steel, the steel was subjected to be 
with the oxygen content of 150±50 mass ppm after 
melting. 
And after smelting treatment, the steel of 
approximately 50 g was extracted to analyze 
inclusion in the steel. Before submerging in each 
molten steel, the samples were preheated directly 
above the molten steel for 5 min. And the samples 
were rotated in the molten steel at 200 rpm (rim 
speed: 1.0 m/s) for 120 min to promote suspending 
of inclusions and to simulate the environment for 
refractory samples under the molten steel flow, in 
which the reaction between refractory samples and 
molten steel were promoted. The erosion/corrosion 
resistance was evaluated by measuring the change in 
samples’ width between before and after the test. 
EPMA was employed to observe and identify the 
microstructures of hot surface of the molten steel 
and the samples. The samples were embedded in 
epoxy and sectioned across the hot surface and then 
polished. Furthermore, the morphology and 
chemical composition of inclusions in extracted 
steels were also observed by field-emission scanning 
electron microscope (FE-SEM) equipped with a 
wavelength- dispersive X-ray spectrometry (WDS). 
 
 
3. Results 
3.1 Morphology and chemical composition of 
inclusions observed in each treated steel 
Fig. 2 shows Back-scattered electron (BSE) 
micrographs   with   the   results   of   WDS 
chemical analyses of the inclusions in each treated 
steel. As can be seen from these figures, the 
morphologies and chemical compositions of the 
inclusion were significantly different for each 
treated steel. In Mn steel, the inclusions mainly 
consisted of MnO and their morphology were 
spherical, less than 5 μm in diameter. In contrast, the 
inclusions in Al-killed steel chiefly consisted of 
Al2O3 and had less than 10 μm granular morphology. 
As is the case with Mn steel, in Si -killed steel, the 
inclusions mainly consisted of SiO2 and their 
morphology were spherical, less than 5 μm in 
diameter. 
 
Inclusions in Mn steel Inclusions in Al-killed steel 
 
 
Inclusions in Si-killed steel Inclusions in Hi-O steel 
Figure 2 Inclusions observed in various treated steel 
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                  Mn Al-Killed Si-Killed Hi-O 
Figure 3 Results of the erosion/corrosion test 
And fine spherical inclusions mainly consisted of 
FeO were observed in Hi-O steel. It must be noted 
Spot analysis 
SiO2    69% 
Al2O3   4% 
FeO   25% 
Spot analysis 
FeO   87% 
SiO2    8% 
Al2O3   2% 
Spot analysis 
MnO  83% 
FeO  14% 
SiO2   3% 
Spot analysis 
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that the chemical compositions of these inclusions 
were not totally uniform, they had some degrees of 
compositional variability even in same treated steel. 
3.2 Erosion/corrosion resistance of samples 
against each treated steel 
The results of erosion/corrosion test for each sample 
against four kinds of treated steel are shown in Fig. 
3. It can be seen that MG showed the highest 
erosion/corrosion resistance against Mn steel. For 
AG, erosion/corrosion resistance decreased. Then 
similarly, MG showed excellent erosion/corrosion 
resistance against Al-killed steel and Hi-O steel and 
AG showed lower erosion/corrosion resistance 
against Mn steel. On the other hand, MG showed 
poor performance against Si -killed steel while AG 
showed relatively high erosion/corrosion resistance 
against Si -killed steel. 
3.3 Characterization of hot surface after 
erosion/corrosion 
3.3.1 Characterization of MG hot surface 
Figure 4 EPMA analysis of MG hot surface after the 
erosion test in various treated molten steel 
Fig. 4 shows the results of chemical analysis by 
EPMA of the working surface of MG after the 
erosion/corrosion test. The features of the reaction 
layer of the working surface were similar among Mn 
steel, Al-killed steel and high oxygen steel, with 
which MG showed high erosion resistance, but it 
was different only with Si-killed steel with which 
MG’s erosion resistance was inferior. First, with Mn 
steel, there was a continuous dense layer made of 
MgO and small portion of MnO in some hundreds 
μm thickness generated on the working surface. 
With Al-killed steel, the precipitation layer of MgO- 
Al2O3 spinel in some hundreds μm thickness was 
detected in the first layer on the working surface, 
and there was the continuous dense layer of MgO in 
some dozens μm thickness generated in the second 
layer. With high oxygen steel, the continuous dense 
layer of MgO-FeO of some dozens μm was 
generated. It was common in all these cases that Fe 
particles were included as a part of dense layer on 
the working surface and there was the embrittlement 
layer lacking MgO and carbon generated between 
the dense layer and the healthy layer. On the other 
hand, with Si- killed steel, the reaction product of 
MgO-SiO2 penetrated in the wide range of over 
500μm covering the surface of MgO particles, and 
exfoliation of the reaction product was also 
confirmed. Table 3 shows EPMA analysis results 
of the circled points in the COMPO images.  
Figure 5 EPMA analysis of AG hot surface after the 
erosion test in various treated molten steel 
Judging from the chemical components of the 
reaction layer generated on the working surface with 
each kind of molten steel, it became clear that the 
components other than refractory material derives 
from molten steel as shown by chemical analysis in 
3.1, and they corresponded to the molten steel 
inclusions. That means the reaction layer on the 
working surface was generated by the reaction 
between refractory and molten steel inclusions. 
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3.3.2 Characterization of AG hot surface 
Same as the tendency detected with MG, the features 
of the reaction layer on the working surface were 
similar among Mn steel, Al-killed steel and high 
oxygen steel with which the erosion resistance was 
relatively inferior, and it was different only with Al- 
killed steel with which the erosion resistance was 
superior. With Mn steel, Al-killed steel and high 
oxygen steel, the reaction layer of Al2O3-FeO was 
detected on the working surface, and inner 
constitution became porous by the gasification of 
SiO2 particles. On the other hand, with Si-killed 
steel, the reaction layer of Al2O3-SiO2-FeO was 
generated on the working surface, and the SiO2 
particles remained healthy without gasification. 
The results of WDS chemical analysis of each red 
circled area in Fig. 5 were shown in Table 4. These 
results were the same as mentioned; this strongly 
supports that the reaction layer forms by reaction 
between refractories and the inclusions. 
Table 3 Chemical compositions after the erosion test on 
the MG hot surface 
 FC Al2O3       SiO2        MgO      MnO FeO 
Initial composition of MG specimen 19 - - 80 - - 
After the test by Mn steel - -           3         92 1 2 
After the test by Al-Killed steel -          47         1 41 - 10 
After the test by Si-Killed steel -           3 41        49 - 5 
After the test by Hi-O steel - - 1 82 - 16 
Table 4 Chemical compositions after the erosion test on 
the AG hot surface 
 FC Al2O3 SiO2 MgO MnO FeO 
Initial composition of AG specimen 14 70 15 - - - 
After the test by Mn steel - 83       7  - 7 2 
After the test by Al-Killed steel -     81  8 - - 9 
After the test by Si-Killed steel -     57  30  - - 11 
After the test by Hi-O steel - 81 7 - - 12 
4. Discussions with formation of reaction layers 
at hot surface of MG 
Based on the EPMA analysis in Fig. 4 and 5, it is 
considered MG tends to form the reaction layer on 
the working surface by the reaction between 
refractory and molten steel particles more easily 
compared with AG, and the existence of the dense 
reaction layer mainly made of MgO contributes its 
high erosion resistance against Mn steel, AL-killed 
steel and high oxygen steel. However, with Si-killed 
steel, it causes penetration of MgO-SiO2 reaction 
product into the inner organization. From the results 
of observation at hot surface, the formation of 
reaction layer and disappearance of C element in the 
layer were confirmed. And the new constituent 
elements in reaction layers, which didn’t exist 
originally in the refractory samples, corresponded to 
the elements of the inclusions. 
The formation mechanism of the reaction layer is 
considered to be the following three steps. 
Step 1) Disappearance of C element 
Step 2) Formation of reaction layer at hot surface  
Step 3) Feature of protective film of reaction layer 
It is considered that the difference of MG’s erosion 
resistance against various steel grades is affected by 
the wear resistance of the reaction layer on the hot 
surface formed in the said procedures. In order to 
evaluate the feature of protective film of the reacted 
layer on hot surface formed by the reaction between 
refractory components and steel inclusions, the 
calculation results of solidus temperature of reaction 
layer obtained by the thermodynamic calculation 
software (FactSage) based on chemical composition 
analysis of the hot surface reaction layers of MG and 
AG with various kinds of steel grades as shown in 
Table 3 and 4 are shown in Fig. 6. 
 
Figure 6 Solidus temperature of reaction layer after the 
erosion test 
It is revealed that the reaction layer with Mn steel, 
Al- killed steel and high oxygen steel in MG has 
higher solidus temperature than molten steel. It is 
considered this means that MnO, Al2O3 and FeO 
existed as steel inclusions tend to be hard to low 
melting reaction with MgO particles in refractory. 
Therefore, it is assumed that reaction layer formed 
on hot surface easily becomes the dense protective 
film with high refractoriness, which consequently 
improved erosion resistance. On the other hand, 
regarding Si-killed steel, it is considered that SiO2 
inclusions easily causes low melting reaction with 
MgO particles in refractory and   it does not have 
high temperature resistance, hence it lead to 
deterioration of  erosion  resistance.  These results 
mostly corresponded to the erosion resistance results 
with each kind of steel grade as shown in Fig. 3. 
5. Conclusions 
Compared to AG, MG showed better 
erosion/corrosion resistance against Mn, Al-killed 
and Hi-O steel, while inferior performance against 
Si-killed steel. 
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Abstract: The effect of fluxing constituents originating from the binders of monolithic refractories has been 
reported.  Apart from their effect on the refractory properties, impact of ambient condition on their installation 
aspects is quite significant.  This paper shares our industrial experience with the monolithic binders and their 
selection process. 
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1. Introduction 
Characteristics of Monolithic refractories are 
governed by its bond system.  It is well known 
that normal binders used in monolithic 
refractories are Calcium Aluminate Cement 
(CAC), Phosphates, Silica / Alumina Sol, 
Hydratable Alumina etc. etc.  Apart from these, a 
range of inorganic chemicals like Chromates, 
silicates and sulphates as well as organic 
materials, primarily coal tar derivatives and 
resins, also are used in monolithic refractories 
formulations.  The latter set of chemicals is 
primarily used in basic monolithic formulations.     
Primary focus of this paper would be on 
characteristics and features of CAC, Silica sol 
and phosphates.  Apart from these aspects, the 
impact of temperature on the refractory 
properties of the product based on these binders 
would be discussed. 
2. Calcium Aluminate Cements 
CAC is the most common binder for alumina – 
silicate monolithic refractories and also is most 
widely used binder for refractory monolithics, 
since alumino – silicates constitutes the largest 
segment volume of monolithic refractories. 
Mineralogical constituents of CAC depend on 
the raw materials used for their production.  In 
any event, hydraulic constituents in all types of 
CAC are same and are various forms of calcium 
aluminates.  The reactivity of Calcium 
Aluminate phase, with respect to water, increases 
with its lime content.   
Fig. 1 illustrates the hydration reaction of 
Calcium Aluminate phases.  It is evident from 
this illustration that the yield of the reaction is 
function of reaction temperature.  Though Fig. 1 
illustrates the case of Calcium Monoaluminate, 
all other Calcium Aluminate phases, like C3A, 
C12A7 and CA2, form the same hydrated phases 
at the specified temperatures.  Apart from these, 
CA6 also is a stable phase in this system but is 
non – hydraulic in nature. 
 
 
 
Figure 1 Hydration reaction of calcium aluminate 
phase 
 
It is evident from the above that water is released 
due to conversion of hydrated phases into their 
higher temperature forms.  Released water 
further hydrates residual unhydrated calcium 
aluminate phases of CAC, if any.   
 
Figure 2 Decomposition temperature of phases 
formed by hydration of calcium aluminates.  C: CaO, 
A: Al2O3, H: H2O 
 
Fig. 2 illustrates the decomposition temperatures 
of the hydrated phases formed by virtue of 
hydration of Calcium Aluminates.  Specific 
gravity of CAH10, C2AH8 and C3AH6 are 1.72, 
1.95 and 2.52, respectively.  Cold temperature 
curing of CAC, hence, leads to formation of 
lower density calcium aluminate hydrates, ie. 
yields lower permeability.   
It is obvious from Fig. 2 that decomposition of 
lower temperature form of calcium aluminate 
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hydrates commences at lower temperature.  
Since permeability of lower temperature form of 
calcium aluminate hydrate is low and also the 
quantum of water to be removed from these 
phases is higher.  Greater precaution, thus, is 
required while heating up of CAC based 
products cured at lower temperature.  
Reaction rate of CAC hydration increases with 
increase of temperature.  This aspect obviously 
affects the rheology as well as setting behaviour 
of CAC based monolithics.  Figure 3 illustrates 
the impact of castable mix temperature on its 
setting time. The setting time decreases with 
increase of castable mix temperature. 
 
 
Figure 3 Correlations between castable mix 
temperature and its setting time 
 
Fig. 4 illustrates the Quality Control results of 
the same product during different time of the 
year.  It shows the impact of seasonal 
temperature variation of mix temperature on the 
water requirement of castable for the similar 
level of flow.  It is apparent from illustration that 
water requirement for casting increases with 
increase in mix temperature. 
In general, it is recommended that cold water be 
used, when the ambient is warm, for installation 
of CAC based castable.  A simple heat balance 
calculation will reveal that mix temperature 
would be 34 0C, assuming that water specific 
heat is 3 times that of castable and castable and 
water temperatures being 40 and 15 0C, 
respectively.  While doing this calculation it has 
been assumed that water requirement for casting 
is 10%.  It is obvious from Figure 3 that at mix 
temperature of 34 0C, the setting time would be 
too short for installation.  In fact, as the water 
requirement castable reduces temperature under 
similar condition would be higher.  Usage of 
cold water, thus, does not suffice in controlling 
the CAC based castable setting time.   
Table 1 reports the impact of CaO concentration 
on the matrix of various class of castables.  
Effect of temperature on only matrix suffices 
since it is the continuous phase and thus, its 
features determine the overall characteristic of 
the refractory.   
 
Figure 4 Correlations between castable mix 
temperature and water requirement for casting 
The inferences reported in Table I have been 
drawn from CaO – Al2O3 – SiO2 phase diagram 
based on the assumption that – 100 mesh fraction 
of the castable forms the matrix and these 
constituents only react with each other readily 
during heating.  The chemical compositions of 
matrices of various grades of castables have been 
arrived at by ignoring the presence of impurities 
like iron oxide and Titania.     
Table 1 Impact of temperature on the liquid 
formation in castable matrix 
Product 
(Matrix 
CaO 
%age) 
First 
Liquid 
Forms 
at (T1), 
0C 
Liquid 
at T1, 
% 
Temperature at 
which 100% 
Matrix is 
Liquid, 0C 
A (16.7) 1495 33 1790 
B (4.3) 1495 25 1830 
C (2.4) 1512 14 1870 
D (0.2) 1512 3 1890 
(A: Calcined bauxite based Conventional castable; B:  
Calcined Bauxite based low cement castable C: calcined 
Bauxite based ultralow low cement castable, and D: 
Calcined bauxite based silica sol bonded product) 
As speculated, increase in CaO concentration, 
which originates primarily from CAC, in the 
matrix lowers the temperature at which the first 
liquid phase appears in the system.  Even if this 
temperature is same, as is in the case of A and B, 
percentage of liquid formed at this temperature 
decreases with lowering of CaO content.  D, 
which is CaO free silica sol bonded product, has 
far superior high temperature properties 
compared to any CAC based formulation. 
It is evident from these results that CaO from 
CAC acts as flux in Alumino – Silicate castables.  
For improvement of high temperature properties 
of Alumino – Silicate castables, thus, CaO, i. e. 
CAC, content should be reduced or eliminated 
altogether.  Silica sol is one such binder system, 
which eliminates CaO in castable altogether. 
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3. Silica sol 
A sol is a stable dispersion of colloidal (nano) 
particles in a solvent (Fig. 5).  Size of such 
individual particles is larger than atomic 
dimensions but small enough to exhibit 
Brownian motion.  Nano – sized silica carry 
negative charge on their surface and they are 
stabilized against gelation by optimisation of 
their surface charge (pH of the sol) so that they 
repel each other.   
 
Figure 5 Silica sol structure 
 
The stability of Silica in silica sol is strongly 
dependent on the pH, which is depicted in Fig. 6.   
 
 
 
Figure 6 Stability region of silica sol as function of pH 
 
It is evident from Fig. 6 that the tendency of sol 
to gel is greatest at pH 5 – 6.  Gelation occurs 
due to the formation of covalent bonds between 
the sol particles.  The primary reaction for 
bonding can be described by the reaction: SiOH 
+ HOSi = H2O + Si --- O --- Si.  The structure 
formed by virtue of the aforementioned reaction 
can be represented as under (Fig. 7):   
 
 
Figure 7 Gel formation mechanism of silica sol 
 
Sol gelation process is primarily by virtue of 
Brownian motion of suspended silica particles.  
The factors, which control the Brownian motion, 
hence, control the gelation process.  “Gelation”, 
thus, is facilitated by the following factors:   
- pH and thus, electrolyte concentration 
- Solid concentration of the suspension – 
as the solid concentration in the colloid 
suspension increases, so does the 
probability of collision and thus, 
gelation (Fig.8).   
- Higher temperature not only increases 
the loss of water by evaporation but also 
increases the collision frequency and 
thus, gelation. 
- Particle size in the sol – particles < 7 nm 
in diameter tends to grow 
spontaneously. 
Unlike CAC hydration reaction, no hydrated 
compounds form during gelation of silica sol, 
and hence, all water is removed at the boiling 
point of water.  As a result, silica sol bonded 
castable can be heated up much faster compared 
to those bonded by CAC.  Additionally, gelation 
of silica sol generates micro – cracks, which also 
act as channel for removal of steam during 
castable heat up.  Owing to these 2 factors the 
dry out / heating up of sol based castable is 
significantly faster than those based on CAC.   
 
Figure 8 Impact of temperature on gelation Time 
 
The aforementioned microcracks also improve 
the thermal shock resistance of silica sol bonded 
products.  Silica sol bonded products are 
superior, compared to the CAC bonded ones, in 
following respect: 
- Their thermal properties as well as 
chemical attack resistance (Table 1) are 
better 
- Easier dry out behaviour, and  
- Better thermal spalling resistance 
As expected, during gelation process viscosity of 
Silica Sol increases or workability of the castable 
based on Silica Sol decreases (Fig. 9).  
4. Phosphate bonding 
Phosphate bonded refractory products are widely 
used owing to: 
- Fast setting and rapid heat up that 
reduces downtime cost  
- High CO resistance  
- Improved thermal spalling resistance 
- Tenacious bond to existing refractories 
that allows for repairs, especially CAC 
bonded castables,  
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Apart from petrochemical industry, phosphate 
bonded products are also used in contact with 
molten Aluminium (and its alloys) owing to non 
– wetting properties of phosphate against these 
molten metals.  
 
Figure 9 Impact of Si – O – Si bond formation and 
viscosity of silica sol 
 
Reactions (i, ii and iii) between Alumina and 
phosphoric acid are relevant in the context of 
bond formation in phosphate bonded alumino – 
silicate monolithics.  Reactions 1 and 2 are 
reversible in nature.  Thus, unless Phosphoric 
Acid bonded products are heated beyond 260 0C, 
no permanent bond forms.   
 
6 H3 PO4 + Al2O3    
 2Al(H2 PO4)3  + 3H2O  
   (1) 
2Al(H2 PO4)3  + Al2O3   2Al2(HPO4)3 + 
3H2O     (2) 
2Al2(HPO4)3 + Al2O3                6AlPO4 + 3H2O     
(3)       > 260 0C 
 
Iron is believed to be the major determinant of 
CO resistance property of any refractory, true 
determinant of this property, however, is whether 
iron or iron oxide is accessible to CO for 
reaction.  Liquid phosphate binder converts most 
of the iron oxides and metallic iron into iron 
phosphates as per the following reactions.     
6H3PO4 + 2Fe = Fe2 (H2PO4)6 + 3H2               (4) 
6H3PO4 + Fe2O3 = Fe2 (H2PO4)6 + 3H2O    (5) 
A consequence of above reactions is iron in the 
refractory formulation is no longer available in 
its metallic or oxide form and thus, does not 
react with CO to form expansive iron Carbide, 
which is the root cause of destruction of 
refractory by “CO Disintegration”.   
Type of phosphate formed in the refractory 
product depends on the molar ratio of Phosphoric 
acid and the metallic oxide.  Owing to localised 
reaction initially monophosphate hydrates form, 
which converts to polyphosphate and 
metaphosphate during the heating up owing to 
further reactions between the reacting 
constituents.  Metaphosphates and 
polyphosphates have ring and chain structures, 
respectively (Fig.10).  Such structures yield 
flexible bond and thus, improves thermal 
spalling resistance.   
 
                       
          
Metaphosphate   Polyphosphate 
 
Figure 10 Structure of different phosphates formed in 
phosphate bonded monolithics 
 
Phosphate bonded monolithics also are highly 
efficient in repairing worn out refractory lining, 
primarily the CAC bonded ones.  This aspect is 
attributable to reaction of CaO of worn out lining 
with phosphoric acid, which yields a chemical 
bonding between the old and new lining 
materials.   
The vapour pressure of phosphoric acid is 20% 
lower than water at 212 ˚F.  This feature of 
phosphoric acid makes the phosphate bonded 
monolithics amenable to faster heating up 
compared to CAC bonded products. 
Phosphoric acid reacts with all constituents 
present in alumina – silicate refractories leading 
to setting since these are irreversible reactions.  
Their concentration, hence, should be controlled 
for controlled setting. 
5. Conclusions 
Advantages and limitations of various binder 
systems used in monolithic refractory design 
have been discussed in this paper.  Each binder 
system possesses certain unique features and 
their selection in a given product formulation 
should be done based on the targeted end 
requirement. 
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Abstract: Making steel is a carbon intensive process. Related energy considerations and environmental issues have 
been in focus. For reduction of emissions as compared to the coal based BF-BOF route, use of natural gas and 
alternative hydrogen rich inputs in a shaft reactor (MIDREX process) has been advocated. DRI (Directly reduced 
iron) produced is processed in an Electric Arc Furnace (EAF) which may receive variable quantities of hot metal. 
Energy/emission analysis for such schemes up to EAF stage has not been reported. Integration of MIDREX based 
process configurations in steel plants require use of reliable prediction process simulation tool for MIDREX shaft 
which can be used along with a blast furnace model for Energy and emission predictions. The general approach for 
such modeling has been developed. It is predicted that parallel processing with BF-BOF and MIDREX-EAF 
processes may reduce the plant emissions to 1.65 t CO2 /tcs with almost identical energy consumption as the BF-
BOF route. 
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1. Introduction 
Manufacturing steel is an energy- and carbon-
intensive process and therefore a major contributor 
to global anthropogenic CO2 emissions. The iron 
and steel industry is the second largest industrial 
user of energy, consuming 616 Mtoe (25.8 EJ) in 
2007 (IEA, 2010b), and is the largest industrial 
source of direct CO2 emissions (2.3 Gt in 2007). 
At present, industry produces nearly 40% of global 
energy-related CO2 emissions. Within industry, 
30% of the CO2 emissions are attributed to the 
production of iron and steel, followed by cement 
(26%) and chemical manufacture (17%).The 
industry is expected to generate 11.2 Gt of direct 
CO2 emissions. The IEA Blue Map Scenario, 
which explores the energy implications of a 
reduction in CO2 emissions to 50% of 2005 levels 
by 2050, concludes that carbon capture and 
sequestration can contribute to 19% to CO2 
emissions reductions, of which almost half of 
which would take place in industry and fuel 
transformation sectors [1]. 
It is interesting to note that a number of earlier 
pioneering publications have focused on the issue 
of the awareness created on energy considerations 
and environmental issues related to steel. It was 
brought out that environmental problems 
associated with both conventional and novel steel 
processing technologies need to relate to pollution 
control, waste minimization and recycling. For 
conventional Blast furnace-BOF process route 
operating with coal injection of around 
200kg/THM, attempts have been made to quantify 
these aspects considering methodology formulated 
by WSA for an integrated steel plant. The integral 
emission value for the steel plant (1.815 t CO2 /t 
HR coil) was arrived at considering a high shaft 
efficiency blast furnace with optimal utilization of 
downstream fuel gases [2]. The issue of greenhouse 
gas emissions for alternative iron making 
processes, which is the focus of the current paper, 
has not been explicitly discussed although 
estimates of energy inputs/outputs are available.  
For reduction of emissions as compared to the BF-
BOF route use of an energy source with less 
carbon than coal holds the most promise. An 
attractive energy source is natural gas. Natural gas 
emits only about one-half the CO2 per unit of 
energy compared to coal. Use of natural gas in a 
shaft reactor led to the formulation of the 
MIDREX process and its variants comprising of 
alternative hydrogen rich inputs [3-5]. Various fuel 
sources can be used to create a suitable reducing 
gas comprising of CO and H2 for the MIDREX 
Process. These include Natural gas, coal, coke 
oven gas. Natural gas can be reformed in the 
unique, highly efficient MIDREX reformer or in a 
traditional steam reformer. Coal of any type or ash 
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content can be gasified. Coke oven gas can be 
reformed using the MIDREX Thermal Reactor 
System (TRS). Also, the export syngas from a 
COREX Hot Metal Plant also makes a high quality 
reducing gas that can be used in a closely linked 
MIDREX Shaft Furnace to produce DRI [6]. 
2. Estimation of composite plant emissions 
Estimation of composite plant emissions for a case 
where different emission sources are present 
requires consideration of not only the principal 
iron making systems but also auxiliary plant 
emissions sources such as upstream/downstream 
systems with reference to the iron making systems. 
It may be noted that in all the processes which 
utilize MIDREX shaft, the hydrogen bearing 
source fuel such as methane /coke oven gas is 
catalytically converted or partially oxidized so that 
a CO/H2 mix is produced for use in the MIDREX 
reactor. Alternatively, coal is gasified to yield the 
desired CO/H2 input gas to the MIDREX reactor. 
As much as use of H2 in the input gas mix is 
expected to reduce GHG emissions, it is important 
to realize that various upstream processes such as 
raw fuel transformation to CO/H2 require energy 
and hence would be treated as emission sources in 
addition to the MIDREX reactor. Thus, estimation 
of composite process emissions would require both 
considerations of upstream and downstream 
processes of the MIDREX reactor up to crude steel 
stage.  Integration of MIDREX based processes 
with Blast furnace based integrated steel plant 
would then require careful analysis of the 
integration procedure and possibilities for arriving 
at the net emissions and energy of the entire plant. 
The general approach for overall emission and 
energy estimation for the different cases cited 
above is discussed below. 
3. Approach for emission estimation 
In the approach developed, only emissions and 
energy related to use of carbon bearing fuels are 
considered. To estimate process related carbon 
emission, the input carbon Ci into the process and 
the credit carbon Cc from the process as fuel gas 
generated are considered for production of one ton 
of crude steel. Both the input carbon and the credit 
carbon are predicted from the process model to 
evaluate the Carbon footprint Cf in Kmol per ton 
DRI/HM, as shown below: 
Cf = Ci-Cc 
Cf is converted to equivalent CO2 and is designated 
as Cp. The specific energy consumption of a 
process is defined as:  
SEC = E (I) – E (O) – HL,  
where SEC, E (I), E (O) and HL relate to specific 
energy consumption of the process per ton of crude 
steel,, input energy, output energy and heat loss, if 
any. 
The emission values obtained for the process 
require use of output carbon load of any process; 
this value is obtained from applicable process 
models as described below. The specific energy 
consumption is also derived from the same model. 
Process models developed for blast furnace 
process and MIDREX shaft have been used. These 
process models have been specifically developed 
for prediction of emissions related to the carbon 
bearing components of the input fuels. These 
models are briefly described in the relevant 
sections below. 
In addition to process models, evaluation of net 
emission and energy values for the entire flow 
sheet require estimates of associated upstream and 
downstream processes for production of crude 
steel. Also, fuel gases generated which are not 
directly used to produce crude steel lead to usable 
excess energy as well as resultant emissions. 
Integration of these aspects leading to estimation 
of net emissions 𝑬𝑵 is done through the following 
equation:  
𝑬𝑵 = (𝑪𝒑 + 𝑪𝒖 + (𝑷𝑾𝑹)𝑪𝑶𝟐
+ 𝑬𝑫).
𝑫
𝑻𝑭𝒆
                                  (𝟏) 
Where,   𝑪𝒖, (𝑷𝑾𝑹)𝑪𝑶𝟐 , 𝑬𝑫, 𝑫, 𝑻𝑭𝒆       represent  
upstream  emissions, emissions   due  to       use of 
electrical energy for smelting, downstream   emis-   
sions, DRI used, and steel produced.  
3.1 Blast furnace model: emission and energy 
A simple two zone approach has been used to 
describe output streams. This model has been 
described earlier [7]. The model developed by Sahu 
et.al. [7] considered the top gas CO/CO2 as input 
and lower furnace shaft efficiency is predicted 
along with other operational conditions like coke 
rate, blast volume etc. In the present case, 
comparison with a blast furnace injected with PC 
is made .The above approach to the two zone 
 113 
 
model formulation  has not been  used in the 
present study due to lack of information on the top 
gas composition of a PC injected BF. Rather shaft 
efficiency values are taken as input with prediction 
of top gas composition. Based on bottom zone 
oxygen load and shaft efficiency, the extent of 
direct and indirect reduction is calculated. This 
calculation allows estimation of the ascending gas, 
leaving the bottom zone and entering the top zone. 
The partitioning of indirect reduction in the upper 
part between two potential reducing agents in the 
ascending gasses, CO& H2, is calculated based on 
their respective molar ratio in the ascending gas. 
WGSR (Water Gas Shift Reaction) is not taken 
into consideration. A heat balance is conducted 
and subsequently solved using SOLVER (MS 
excel), iteratively to yield the carbon rate 
constrained to user defined heat loss.  An overall 
steady state heat balance is done by taking care of 
all heat supplies and heat demands associated with 
BF operations as expressed by Eq.(2) where heat 
supplies are given in left side of the equation and 
heat demands are given in the right side. 
HTC + HBL+ HCO + HSF,SI=HDR + HH2+ HMT + HC 
+ HS + HH2O + HD+ HSD+ Heat loss     (2) 
where, HTC= heat supply from combustion of 
tuyere carbon, HBL=sensible heat of the blast, 
HCO= indirect reduction by CO, HSF,SI= Heat from 
silicate formation and Si dissolution, HSD= silica 
dissociation, HDR=direct reduction, HH2= indirect 
reduction of iron ore by H2, HMT= metalloid 
reduction, HC= dissolution of carbon in hot metal, 
HS= sensible of hot metal and slag,HH2O= 
decomposition of H2O and HD= heat of 
dissociation of PC. Based on the inputs including 
the heat loss rate, the PCI replacement ratios were 
estimated. Typical emission values estimated for 
200 kg PCI/thm are reported in Table 1. 
The net energy input for the above case is 20.27 
GJ/thm. The energy consumption for Blast 
furnace, coke oven and sinter add to 13.67GJ/thm, 
which are similar to values reported [8]. The 
available downstream fuel gas energy is then 
6.60GJ/thm. Appropriate scrap is added in LD so 
that 1 ton crude steel is produced from 1 ton hot 
metal. The values reported are applicable then to 1 
ton crude steel. 
 
 
 
 
 
Table 1 Emission profile for BF-BOF process 
Upstream Process 
Steel making 
emissions 
(Tons/thm) (Tons/thm) (Tons/thm 
0.279 0.902 0.155 
Emission 
(crude steel) 
Emission 
Downstream 
Net Emission 
(Tons/thm) (Tons/thm) (Tons/thm) 
1.336 0.764 2.101 
3.2 MIDREX Shaft Model: Emission and 
Energy  
Not much research work has been done to develop 
a prediction process simulation tool for the 
MIDREX process. Because of lack of  process 
specific data, such a tool can be based on 
thermodynamic process models for the MIDREX 
Reduction Shaft. Similar approaches based on 
thermodynamic modeling have been used for Blast 
Furnace (BF) and COREX Process performance 
prediction [9]. In the proposed model, the MIDREX 
direct reduction shaft model consists of Gibbs 
equilibrium reactors operating under different 
conditions of pressure and temperature and were 
computationally simulated using Factsage6.4[10]. 
 
 
Figure 1 Schematic reactor arrangements 
The shaft furnace model has been validated for 1 
Ton of DRI with literature data for natural gas 
consumption. After validation, the model is 
applied to different mixed reactor systems using 
various inputs of reducing gases. These are Natural 
gas (MIDREX-NG), Coke Oven Gas (COG) 
(MXCOL with COG Process), and syngas from 
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coal gasification,(MXCOL with SES Process) and 
mentioned in Table 2. 
The net energy required for the above processes 
sequentially are 17.90, 30.52 and 25.08 GJ/tcs 
respectively with downstream fuel gas energies 
estimated as 0.0, 5.56 and 5.32 GJ/tcs. 
Table 2 Emission profile for MIDREX configurations 
 
4. Integration of Blast furnace with MIDREX 
reactor configurations 
Consideration of the results obtained point out that 
the MIDREX-NG-EAF system has the lowest 
emission up to crude steel stage; the net energy 
input is also comparable to the pulverized coal 
injected blast furnace. The other variants of 
MIDREX process appear to lead to a higher value 
of emissions up to the crude steel stage. It appears 
that processing of Hot metal and MIDREX DRI in 
an electric arc furnace is one option which may be 
analyzed considering that the MIDREX-NG 
combination does not generate fuel gases. The 
plant fuel gas requirements can then be fulfilled by 
the downstream gases generated in the Blast 
furnace system. 
With an input of 1.2 ton Hot metal: 1 ton DRI 
added in Electric furnace, the net emission works 
out to be 1.50 tons per crude steel which is higher 
than BF-BOF crude steel emissions.. The blast 
furnace step emission factors (Table 1) and the 
MIDREX emission factors (Table 2) are used. The 
downstream fuel gas available decreases with a 
decrease of downstream emission value (0.43 
tons/ton crude steel) does not however lead to 
decreased net emission as compared to BF-BOF. If 
the hot metal to DRI ratio in the Electric furnace is 
decreased to 0.8:1 with the balance hot metal being 
directly processed in BOF, the crude steel emission 
works out to be 1.48 tons/ton of crude steel. The 
downstream emission exhibits decrease (0.18 
tons/ton crude steel) leading to decrease of net 
emissions in the integrated plant. A similar 
analysis can be made for energy consumption. 
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Processes Upstream Process EAF power emissions
(Tons/tcs) (Tons/tcs) (Tons/tcs)
 MIDREX-NG-EAF 0.244 0.638 0.388
 MXCOL with COG-EAF 0.258 0.818 0.388
 MXCOL with SES-EAF 0.258 1.110 0.388
Cr. steel D.stream Net Emission
(Tons/tcs) (Tons/tcs) (Tons/tcs)
 MIDREX-NG-EAF 1.269 0 1.269
 MXCOL with COG-EAF
1.465 0.315 1.780
 MXCOL with SES-EAF 1.756 0.471 2.227
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Abstract: India´s steel industry will be faced with the challenge in the next decade to increase the steel 
production in a socio-economically sustainable and feasible way. The opportunity for this development is the 
availability of domestic coal and iron ore for ironmaking. A comparison of four different coal based steelmaking 
routes by means of energy and CO2 balance calculation results that alternative steelmaking routes in comparison 
to the blast furnace - BOF route are feasible options. Sponge iron production in direct reduction shaft furnace and 
rotary kiln with non-coking coal has the lowest fossil fuel demand and lowest CO2 emission on site but high 
indirect emission of CO2. The combination of COREX® with DR Shaft for ironmaking would result in the lowest 
achievable energy consumption for the crude steel production with coal as fuel. When the governmental plan for 
India of the increase of non-fossil renewable electric energy will be realized in the next decade, hydrogen might 
become available for the steel industry. Direct reduction plants operated with a coal gasification unit could 
beneficiate from this situation, since they are able to use hydrogen as a substitute of coal gas, thus avoiding CO2 
emission. 
 
Keywords: Ironmaking, energy demand, CO2 emission, renewable energies  
 
1. Introduction 
India produced 96 million tons in 2016 and was 
the 3rd biggest steel producing country in the 
world. However with a steel use per capita of 
58 kg is the steel consumption in India 
significantly below the global average value of 
246 kg. Consequently the growth of the steel 
production in India will continue in the next 
years, since steel is required for the continuation 
of the ongoing economic and social 
development.[1] 
India´s steel industry will face in the next decade 
the task to accomplish this growth with social 
and ecological compatibility. An opportunity for 
this development is that the iron ore is locally 
available and also coal as energy source. A 
challenge for the Indian steel industry will be the 
contribution to the global reduction of 
greenhouse gas emission, since India signed the 
climate change agreement of Paris which aims 
for a fossil fuel divestment. The Indian energy 
plan considers that the non-fossil fuel energy 
share for the electric energy production should be 
at least 40% by 2030.[2] 
2. Current status of Ironmaking in India 
One characteristic for steel production in India is 
the higher share of sponge iron as ferrous raw 
material in comparison to the global average. 
India is the biggest sponge iron producer in the 
world, whereby 90 % are produced by coal based 
DR processes. The Indian hot metal production 
was 63 million tons and 16 million tons for 
sponge iron in 2015 which corresponds to ratio 
of 60% and 17% respectively of ferrous raw 
material input for the steel production in this 
year.[1] About 3 million tons of hot metal was 
produced with the smelting reduction technology 
COREX® at the companies Jindal South West 
(JSW) and Essar Steel.[3] 
Blast furnaces depend on the use of coke. Direct 
reduction (DR) and smelting reduction (SR) 
processes are considered as coke free alternatives 
for the production of metallic iron. The coking 
coal production in India for the steel industry was 
13 million tons in 2015-16, which corresponds to 
2% of the total coal production (639 million 
tons). 43 million tons coking coal was imported 
at the same time for the operation of the blast 
furnaces. On the other hand the production of 
sponge iron consumed 7.8 million tons non-
coking coal with 100 % supply from domestic 
sources.[4] 
The expansion of the Indian steel production in 
the coming years is only affordable with an 
increase of ironmaking capacities. The available 
resources of domestic iron ore and coal are the 
asset for future growth of the India´s steel 
industry. The geological coal reserves in India 
are 309 billion tons[4] and for iron ore 6 billion 
tons[5].  
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BOF
SrapIron OreCoal
DR Shaft
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COREX®
DR Rotary Kiln
Coke + Non-Coking Coal 
Non-Coking Coal 
Non-Coking Coal 
 
Figure 1 Comparison of the steel production routes based on iron ore 
Table 1 Consumption figures of process route for energy and CO2 balance calculation 
Crude Steel Route*) BF + BOF COREX® + BOF[3] DR Shaft + EAF
[1] DR Rotary Kiln + 
EAF[Error! Bookmark not 
defined.] 
Fuel Consumption 
(per ton HM/DRI) 
380 kg coke 
150 kg PCI 
50 kg coke 
890 kg coal 
447 kg coal 500 kg coal 
Iron Ore Consumption 
(per ton HM/DRI) 
1400 kg fine ore 
140 kg lump ore 
170 kg pellets 
740 kg lump ore 
750 kg pellets 
 
725 kg lump ore 
725 kg pellets 
750 lump ore 
700 pellets 
Electric Energy 
Consumption including 
Oxygen Production 
(per ton CS) 
153 kWh 
(O2 for BF 46 m³/t HM 
O2 for BOF 50 m³/t CS)  
353 kWh 
(O2 for CX: 550 m³/t HM 
O2 for BOF 50 m³/t CS) 
825 kWh 
(O2 for gasifier: 407 m³t 
DRI) 
(O2 for EAF: 15 m³/t CS) 
663 kWh 
(O2 for EAF: 20 Nm³/t CS) 
Export Gas Energy (per 
ton CS) 
4.23 GJ 
(coke oven gas, BF top gas, 
BOF gas) 
 
10.02 GJ 
(COREX top gas, BOF gas) 
none none 
*) HM Hot metal 
 DRI Direct reduced iron (Sponge iron) 
 CS Crude steel 
   
    
3.Comparison of process routes 
A technological assessment of process routes for 
crude steel production with different coal based 
ironmaking technologies will be presented and 
discussed in the following. The purpose was to 
evaluate the potentials of a sustainable crude 
steel production in India with domestic raw 
materials.  
Figure 1 shows the configuration of four process 
routes which were chosen for a comparative 
study of the energy balance and CO2 emission: 
 BF + BOF (Blast furnace including 
cokemaking and sintering and basic oxygen 
furnace) 
 COREX® + BOF (Smelting reduction 
COREX® and basic oxygen furnace) 
 DR Shaft + EAF (Coal based direct 
reduction plant with HYL shaft furnace and 
TEXACO coal gasifier for syngas 
production and electric arc furnace) 
 DR Rotary Kiln + EAF (Direct reduction 
plant with Jindal rotary kiln and electric arc 
furnace) 
It was assumed that the metallic charge to the 
BOF and EAF contains always 75% Fe input 
from ironmaking facilities and 25% from scrap.  
The net energy balance of the process routes was 
established considering the fossil fuel 
consumption direct for the process and for the 
electricity generation as well as for the oxygen 
production. The consumption data for the 
calculation of the energy balances are 
summarized inTable 1. The two hot metal based 
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routes have the lowest total energy demand 
considering the energy credit for the export 
gases. However the sponge iron based routes 
(DR Shaft + BOF, DR Rotary Kiln + BOF) has 
the lowest fossil energy demand. 
Beside the energy balance the CO2 emission of 
the routes are of particular interest. The 
emissions were calculated according to the 
guidebook of World Resource Institute [6]. Direct 
CO2 emission is attributed to the conversion of 
the fossil carbon and calcination reaction in the 
processes (Scope 1 emission) and represents the 
emission at the plant site. No credits for the 
export gas energy and valorisation of slags where 
considered for this calculation. The lowest direct 
CO2 emission has the route DR Shaft + EAF 
since this route has also the lowest fossil energy 
demand. The two hot metal routes show the 
highest direct CO2 emission. 
In addition to the direct are also the indirect 
emissions were calculated. Indirect emission 
(Scope 2 and 3 emissions) comprises CO2 which 
is emitted for electricity generation as well as for 
production of oxygen and raw materials (pellets, 
burnt lime). The following indirect emission 
factors were considered: 
 0 kg CO2/kWh (BF + BOF, COREX® + 
BOF),  
remark: electricity is produced in power plant 
on site with the export gas  
 0 kg CO2/m³ (STP) O2 (BF + BOF, COREX® 
+ BOF) 
remark: oxygen is produced with electricity 
produced on site 
 1.33 kg CO2/kWh (DR Shaft + EAF, DR 
Rotary Kiln + EAF) 
remark: average of Indian electric energy 
production in 2011[7] 
 0.66 kg CO2/m³ (STP) O2 (DR Shaft + EAF. 
DR Rotary Kiln + EAF) 
 162 kg CO2/t Pellet 
 1400 kg CO2/t Burnt Lime 
The highest indirect emissions have the two 
routes with EAF crude steel production due to 
the high specific emission factor for the electric 
energy and oxygen. For the calculation, the 
emission factor of 1.33 kg CO2 per kWh[7] for 
India in the year 2011 was considered. This 
factor will decrease significantly if the 
installation of non-fossil electric energy 
production becomes reality in the next decades. 
This effect will levered in combination with the 
modernisation and efficiency increase for the 
coal power plants in India. Assuming a share of 
40% renewable energy for the electric energy 
production and an average coal power plant 
efficiency of 40% an emission below 
0.5 kg CO2/kWh can be achieved until 2030. 
Under these circumstances both sponge iron 
routes would achieve the lowest total CO2 
emission, e.g. 1685 kg CO2/t liquid steel would 
be the emission for the route DR Shaft + EA. 
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Figure 2  CO2 emission of the steel production routes 
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4. Combination of process routes COREX® 
and DR shaft 
The combination of the ironmaking processes 
COREX® with a DR shaft has been realized in 
two Indian steel plants, JSW and Essar Steel. The 
energy demand and CO2 emission of the process 
combination comprising a COREX® module, a 
MIDREX® DR shaft and a CONARC® twin shell 
EAF furnace was examined. This configuration 
would result to the lowest specific fossil energy 
consumption and consequently to the lowest 
specific direct CO2 emission of 1199 kg/t liquid 
steel. The indirect emissions are also the lowest 
for all routes with EAF. 
5. Renewable energies and steel production 
with Hydrogen 
A challenge for the plan of installation of 
renewable electric energy in India will be the 
natural fluctuation of solar and wind energies. A 
key technology for an efficient utilisation is the 
conversion of these energies into hydrogen by 
water electrolysis. Currently a number of pilot 
projects worldwide are in progress for the 
generation and storage of hydrogen. If these 
technologies become mature, hydrogen will be 
available for the steel industry for ironmaking. 
Hydrogen could be used in the existing coal 
based DR shaft plants in order to increase the H2 
content in the reduction gas, thus reducing the 
coal rate simultaneously. In the best case these 
DR plants could be converted to pure hydrogen 
operation. 
6. Conclusion 
Indian steel industry will grow in the next decade 
in order to provide steel as a base material for the 
social and economic development. The 
expansion of the steel capacities with new 
integrated plants of BF + BOF route would result 
in a stronger dependency of the steel production 
of coking coal import to India. The steelmaking 
routes COREX + BOF, DR Shaft + BOF and DR 
Rotary Kiln operate with non-coking coal, which 
is available in India. The sponge iron based 
routes have the lowest fossil energy demand and 
they have also the lowest direct CO2 emission but 
the highest indirect emission. The combination of 
COREX® with DR Shaft for ironmaking would 
result in the lowest achievable energy 
consumption for the crude steel production with 
coal as fuel. With the increase of non-fossil 
renewable electric energy hydrogen can become 
available for the steel industry. DR plants 
operated with a coal gasification unit could 
beneficiate from this situation, since they can 
substitute coal gas with hydrogen.  
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Abstract: The steel industry uses an enormous quantity of natural resources including iron ore, coal, water, energy 
in the form of electrical power and fuels, as well as chemical additives such as fluxes, alloys etc. To be 
operationally-efficient and cost-competitive, it is necessary to reduce resource consumption and minimize energy 
and emissions. An effective methodology has been developed by Hatch for improving the operational efficiency and 
cost competitiveness of steel plants. The methodology is implemented working closely with plant personnel and 
consist of number of key components including detailed evaluation of plant operations and maintenance practices, 
internal benchmarking, comparison with best practice (best-in-class and best-in-similar class after normalization / 
equalization of key parameters), metallurgical analysis, environmental performance and assessment of pertinent iron 
and steel technologies. The end-result is an Improvement Roadmap which forms the basis of a practical / realistic 
implementation program. Over the years, this methodology has been successfully applied at several plants to 
improve the overall operational efficiency and cost competitiveness. In this lecture, the salient features of the 
methodology will be outlined and selected improvement results will be presented to highlight its effectiveness. 
 
Keywords: operational efficiency, cost reduction, benchmarking, implementation roadmap. 
1. Introduction 
A technical review of operational efficiency and 
cost competitiveness of AO “NLMK-Ural” (Long 
Products Division) in Russia was carried out for 
the following units: 
 EAF Meltshop– Revda 
 Long Products Rolling Mill Beresovsky 
 OOO “NLMK-Ural – Service” – service 
company supporting Melt Shop and Rolling 
Mill 
The technical review was carried out in two stages: 
 Stage 1 consisted of the analysis of current 
operating practices (“the base case”), 
comparison with best practice plants (with 
normalization to account for the local 
conditions), identification of gaps, generation 
of improvement ideas for minimizing the gaps 
and preliminary recommendations for 
improvement (e.g., Fig.1). 
 In Stage 2, main activities included further 
evaluation of the improvement ideas (e.g., 
Fig.2) to filter out ideas that were associated 
with high risks, estimation of capital and 
operating costs for the selected ideas and 
development of an implementation roadmap 
for improvement. 
 
2.Operational efficiency and cost 
competitiveness  – assessment  methodology 
An effective methodology [1] developed earlier by 
Hatch for operational improvement / cost reduction 
was used (e.g., Fig.1). This methodology has also 
been used for the assessment of GHG (greenhouse 
gas) and Energy Efficiency for steel industry [2].  
This methodology was implemented working 
closely with plant personnel. 
 
 
Figure 1 Methodology developed for the assessment of 
operational efficiency and cost competitiveness 
 
2.1 Salient features 
 Involves a “bottom-up” approach for 
identifying the operational improvement and 
cost reduction opportunities 
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 Addresses all major iron-making, steelmaking 
and rolling process routes 
 Skilled technical specialists are employed to 
assess and identify opportunities, based on 
both fundamental and experiential knowledge 
 Close interaction with steel plant team – site 
visit, workshop with operating departments, 
open and transparent review of the 
improvement ideas generated 
 Incorporates current and future technologies 
that are applicable to the plant’s operation for 
implementation in the short and long term 
 Includes a robust benchmarking of operational 
practices to determine the improvement 
opportunities 
 Normalization of benchmark figures to adjust 
for the specific plant conditions and thereby, 
ensure a like-to-like comparison – this helps in 
estimating a realistic and a practical gap with 
respect to the best practice operating figures 
 Utilization of an internal database on 
operational performance, operating cost, 
energy (and greenhouse gases) efficiency 
improvement ideas 
 Techno-economic modelling and risk analysis 
– improvement ideas are classified into the 
following groups: No capital cost, Low - 
Medium capital cost and High capital cost  
 Development of implementation strategy for 
the shortlisted improvement ideas and the 
Implementation Roadmap 
2.2 Key steps involved 
Table 1 Key steps - assessment of operational efficiency 
and cost competitiveness 
 
 
 
 
 
Figure 2 Identification of improvement opportunities in 
a previous improvement studies - show that significant 
number of operational improvement / cost reduction 
ideas require no or low capital expenditure (the “low 
hanging fruits”) 
 
Table 2 Plant data considered for the assessment of 
operational efficiency and cost competitiveness 
 
 
 
2.2 Key performance indicators – melt shop, 
rolling mill and maintenance shop 
 
Table 3 Melt shop - key performance indicators 
 
 
 
Table 4 Rolling mill - key performance indicators 
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Table 5 Maintenance shop - key performance indicators 
 
 
 
3. Evaluation of operational performance and 
cost competitiveness 
4. Internal benchmarking 
Internal benchmarking was carried out as the first 
step to assess the production performance of the 
melt shop and rolling mill relative to their current 
capability. This analysis covered annual 
production, monthly production, daily production 
and shift production. For the internal 
benchmarking of melt shop performance, a 
parameter called “Improvement Potential Ratio” 
(IPR) was adopted. The parameter “Improvement 
Potential Ratio” (IPR) is defined as follows: 
IPR (in %) = Average Performance / Best 
Performance 
 
 
Figure 3 IPR figures presented for production in shifts 
– days with production in all 3 shifts, production in only 
2 shifts and production in only 1 shift 
 
As shown in Fig. 3, at the shift level, the IPR is in the 
range 75-80% which suggests that there is room to 
improve the production rate by 10-15% from the 
current level. 
4.2 Evaluation of parameters 
Parameters listed in Tables 3 to 5 were evaluated. 
An example of EAF tap-to-tap time is presented 
here to illustrate the nature of the evaluation 
conducted. Actual plant data was compared with 
best practice figures. For a fair comparison, the 
best practice tap-to-tap time was normalized 
considering the actual conditions at the Melt Shop. 
Gap between the two was estimated and reasons 
for this gap were identified. On this basis, 
recommendations were developed to reduce tap to 
tap time (power on time and power off time). 
Table 6 EAF tap-to-tap time – actual plant data, best 
practice plant figures, normalized value and gap 
 
 
 
5. Improvements identified 
A number of improvement projects / sub-projects 
were identified in each area and for each area, a 
number of projects were identified. 
 
Table 7 Melt shop - example of improvement projects 
identified for two improvement areas 
 
 
 
Table 8 Rolling mill - example of improvement projects 
identified for two improvement areas 
 
 
 
 
Table 9 Example of improvement projects identified for 
maintenance for two improvement areas 
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6. Estimated benefits and savings 
These are illustrated through Fig. 4 through 7. 
 
 
Figure 4 Estimated impact of proposed improvement 
actions / projects on the KPIs at Melt Shop 
 
 
 
Figure 5 Estimated impact of proposed improvement 
actions / projects on the KPIs at Rolling Mill 
 
 
 
Figure 6 Estimated impact of improving maintenance 
practice on plant utilization 
 
7. Development of implementation roadmap 
Implementation Roadmap was developed for the 
improvement actions (projects) identified for Melt 
Shop, Rolling Mill and the Maintenance Shop. It 
was noted that most of the improvement ideas do 
not require any capital investments. In terms of the 
implementation, all the improvement projects can 
be initiated immediately, and also can be pursued 
simultaneously (depending on available resources) 
- all of the proposed projects can be completed 
within 18 months. 
 
Figure 7 Sample of Implementation Roadmap 
developed for the Melt Shop 
 
8. Concluding points 
If the improvements are implemented, the melt 
shop and the rolling mill will be able to improve 
their KPIs and attain performance levels of best 
practice plants.  
These efforts would lead to reduction in operating 
cost - of ~10.8 US$/ metric tonne for melt shop 
and ~11.0 US$/ metric tonne for rolling mill, 
leading to an annual savings of over 30 Million 
US$. 
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Abstract: A study has been conducted on the kinetics of dissolution of lime (CaO) into the slag so as to estimate the 
mass transfer coefficient of CaO. First, the data of laboratory experiments (as reported in literature) are analysed to 
find the value of mass transfer coefficient of lime dissolution in steelmaking slags. It is then compared with mass 
transfer coefficient determined for slag under industrial conditions (in an actual 300 BOF). Chemical potential 
difference is considered as the driving force for dissolution. Regular solution model is used to calculate the activity 
coefficient of CaO in slag. In addition, activity coefficient of lime is also calculated from published ternary iso-
activity diagrams. Mass transfer coefficient of CaO, determined for first time from both activity coefficients is then 
compared. Viscosity of slag has a pronounced effect on mass transfer of CaO in the time period of dry slag 
formation in BOF. 
 
Keyword: Lime, mass transfer, BOF, dissolution 
 
1. Introduction 
Kinetics of dissolution of lime in BOF slag decides 
the distribution of P and Mn between slag and 
metal at all stages of the blow as well as the 
viscosity and foaming characteristics of slag. 
Previous researchers, despite the fact that slag is 
not an ideal solution and that there is a significant 
change in the activity coefficient of the diffusing 
species in slag, assumed the slag to be ideal, as an 
over-simplification. This, however, introduces an 
error in the reported values. Chemical potential 
difference should be considered as the driving 
force for dissolution to calculate correct value of 
rate constants and mass transfer coefficient. Both 
plant and laboratory data is evaluated in this work 
to determine the mass transfer coefficient of CaO 
in slags. 
2. Theoretical considerations: Darken’s flux 
equation for calculation of mass transfer 
coefficient  
According to Darken’s flux equation, 
 
 
𝐽𝑖 = −𝑀𝑖𝑖
𝜕µ𝑖
𝜕𝑧
 
=  
−𝑀𝑖𝑖𝑘𝐵𝑇
𝐶𝑖
(1 +
𝜕𝑙𝑛𝛾𝑖
𝜕𝑙𝑛𝑥𝑖
)
𝜕𝐶𝑖
𝜕𝑧
          (1) 
 
 
where 𝑀𝑖𝑖 is the coupling coefficient and 
𝜕µ𝑖
𝜕𝑧
 is the 
chemical potential gradient, kB is Boltzmann 
constant, T is temperature, γi is activity coefficient, 
Ci is molar density,  and z the distance coordinate. 
The following equation can be derived by 
integration of Eq. (1):  
 
 
−
ln (
𝑥𝑏𝑢𝑙𝑘−𝑥𝑠𝑎𝑡
𝑥𝑜−𝑥𝑠𝑎𝑡
)
(1 +
𝜕𝑙𝑛𝛾𝑖
𝜕𝑙𝑛𝑥𝑖
)
=
𝑘′′𝐴
𝑉
𝑡 
(
(2) 
 
where k” is mass transfer coefficient and the 
term
𝑘′′𝐴
𝑉
 represents rate constant; the suffixes 
‘bulk’ and ‘sat’ refer, respectively,  to mole 
fraction of lime in bulk slag  and the lime  in the 
saturated slag layer formed on the surface of lime. 
The value of the term 
𝜕𝑙𝑛𝛾𝑖
𝜕𝑙𝑛𝑥𝑖
 can be calculated from 
regular solution model (Method 1) or from 
published iso-activity ternary diagrams (Method 
2). In almost all previous investigationsthe term 
𝜕𝑙𝑛𝛾𝑖
𝜕𝑙𝑛𝑥𝑖
 has been ignored but this leads to error in the 
reported values[1] as slag is not an ideal solution. 
2. Evaluation of mass transfer coefficient of 
CaO from laboratory experiments 
The mass transfer coefficient of lime in steel 
making slags in laboratory has been evaluated in 
Table 1 (for details see [1]) by using both Method 
1 and Method 2 (explained above). Only three 
investigations are included here for accuracy of 
experimental method and data involved.  
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The data of laboratory experiments selected in this 
work are provided in ref.1 and, briefly, are as 
follows: 
(a) Hamano et al[2]  conducted rotating cylinder 
experiments to study the dissolution of CaO in 
slag. They studied the dissolution of CaO rods 
(>99.99% pure) with apparent density of 3.08 g/cc 
in slag, at 1573K and 300 rpm. The CaO rods had 
dimensions of 10mm OD and 30 mm in length and 
the submerged height was 10 mm. The 
composition of slag was (SiO2-30%, CaO-30%, 
FeO-40%). After complete meltdown of slag in 
furnace the CaO sample rods were dipped and 
rotated at 300 rpm to create forced convection 
conditions. Then slag was sampled every 60, 120, 
180, 240 up to 600 seconds after that were 
analysed by X-ray fluorescence.  
(b) Amini et al[3] investigated the dissolution of 
CaO in alumino-silicate slags by rotating the lime 
samples in molten slags in platinum crucible. Lime 
crucibles were used as the rotating samples and 
had dimensions of 20 mm ID and 30 mm height. 
The experiments were conducted at 1703 K. 60 gm 
of slag with composition CaO-48%, Al2O3-42% 
and SiO2-8% used. The experiment was carried out 
at different rotating speed from 30 to 150 rpm and 
at every 5 mins the slag sample was taken and 
analysed by XRF for composition. 
(c) Cheremisina et al[4] investigated the dissolution 
of lime in 4 different types of slags containing 
different amounts of MgO. They studied the effect 
of MgO content on the dissolution of CaO. The 
initial composition of all four types of slag was 
CaO-20%, SiO2-35% and FeO-45%. The 
dimension of the lime sample was 1.72-1.75 cm in 
height and 0.5 cm in diameter. The experiment was 
carried out at 1773 K. 
Depending upon the conditions of experiment, the 
calculated values in Table 1 are seen to vary in a 
wide range of 3.7 x 10-7 to 1.8 x 10-4 m s-1.  
A significant part of the spread can be attributed to 
cracking of lime during the dissolution process 
leading to unpredictable depth of penetration of 
slag into lime due to which dissolution interface 
area (needed for evaluation of mass transfer 
coefficient) changes. Further, if the lime piece 
used is not completely free of un-decomposed 
carbonate (CaCO3), or has some Ca(OH)2 in it due 
hydrolysis by ambient atmosphere, then also 
unpredictable cracking of lime can take place. In a 
recent work[5] it has been shown that the presence 
of un-decomposed CaCO3 in lime greatly enhances 
the dissolution rate of lime in slag. 
Table 1 Estimated values of mass transfer coefficient,  
ms-1, for different laboratory experiments; sl refers to 
different slag commpositions used in each experiment[1] 
Method 
Cheremesina et al [4] 
x10-5 
m s-1 
Hamano et 
al  [2] 
x10-5 
ms-1 
Amini et 
al [3] 
x10-7 
m s-1 
Sl1 Sl2 Sl3 Sl4 Sl1 Sl1 Sl2 
1 5.3 3.1 4.5 4.4 18.2 4.3 3.7 
2 4.3 2.5 3.4 3.3 15.1 - - 
 
 
Du Sichen et al[6] proposed the following general 
equation for decomposition of CaCO3:   X=k(1-X)n 
where X is degree of reaction,  k is the reaction 
rate and n is the order of reaction. The value of n is 
suggested as 0.5 [6]. Thus, if n is assumed to be 
0.5 and k=1 (assumed for calculation purposes 
only) then one can calculate Xn+1 in terms Xn and 
fit a second order polynomial equation to predict 
Xn+1 from Xn in the approximate form of 
difference equation: xn+1=  r * xn (-0.8 xn + 0.03) + 
0.9.The parameter ‘r’ is introduced to highlight 
rate enhancement effect due to cracking of 
particles. The bifurcation diagram for different 
values of rate enhance parameter ‘r’is shown in 
Figure 1. It can be seen that for r > 1.82 the rate of 
reaction (i.e. decomposition of lime) becomes 
chaotic for all values of X. Uncontrolled 
decomposition of CaCO3 present in lime would 
also result in chaotic dissolution rate of lime into 
slag under industrial conditions. The dissolution of 
lime under industrial conditions (in BOF vessel) is 
discussed below. 
 
 
        0  1     2.0                                        
r  
Figure 1 Bifurcation diagram for decomposition of lime 
 
 
 
X* 
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3. Dissolution of lime in BOF 
The data on slag composition and temperature is 
provided in ref. [1] to study the approximate 
dissolution behaviour of lime.  
In the present work industrial data was obtained 
for a 300 tonne BOF. The slag system was CaO-
SiO2-FeO-MnO-MgO system. Since the MgO 
content in slag was very low, it was neglected 
during calculations and the slag system was 
assumed to be CaO-SiO2-FeO-MnO. The CaO 
particle size added during the BOF operation was 
roughly 15 mm (assumed). The composition path 
traced by the slag during the entire operation is 
superimposed on a pseudo ternary diagram in 
Figure 2. 
 
 
Figure 2 The path of the slag during the entire BOF 
operation 
The process conditions inside the BOF during the 
blow are very complex from point of view of fluid 
flow as well as changing temperature and 
composition of both metal and slag with time. The 
dissolution of lime is affected primarily by slag 
viscosity. In the middle blow period the slag 
viscosity increases due to reduction in FeO in slag 
by metal droplets containing carbon.  
The calculated values of kCaO by using Method 1 
and Method 2 are given in Table 2. The values of 
kCaO lie in the range of 7.6 x 10-7 to 8.0 10-5 ms-1. 
The values, though varying in a large range, are 
within the limit of that observed for laboratory 
experiments. Further, in Fig. 3, the trend of change 
in slag viscosity and estimated values of mass 
transfer coefficient are plotted together as a 
function of time. As expected, the mass transfer 
coefficient increases when the viscosity decreases. 
4. Conclusions 
(a) Mass transfer coefficient in slags should be 
calculated by Darken’s equation and by 
considering the change in activity coefficient with 
composition. 
 
 
Figure 3: The variation of 𝒌𝑪𝒂𝑶 and slag viscosity in 
BOF with time; slag viscosity is calculated by model of  
Urbain[7] 
 
Table 2 Calculated values of 𝒌𝑪𝒂𝑶 at different time steps 
by using activity coefficient of CaO calculated from 
regular solution model (Method 1) and from iso-activity 
diagram (Method 2). 
time step 
 
min 
𝝏𝒍𝒏𝜸𝑪𝒂𝑶
𝝏𝒍𝒏𝒙𝑪𝒂𝑶
 
Regular 
Soln 
𝝏𝒍𝒏𝜸𝑪𝒂𝑶
𝝏𝒍𝒏𝒙𝑪𝒂𝑶
 
Iso-
activity 
𝒌𝑪𝒂𝑶 in 
m/s 
X 10-6 
Regular 
Soln 
𝒌𝑪𝒂𝑶 in 
m/s 
X 10-6 
Iso 
activity 
0-1 2.81 3.38 18.29 15.91 
1-2 3.01 3.52 14.11 12.40 
2-3 3.14 3.59 16.67 15.21 
3-4 3.25 3.57 10.59 9.87 
4-5 3.32 3.56 5.91 5.61 
5-6 3.35 3.57 0.79 0.76 
10 to 11  3.41 3.57 2.9 2.82 
11 to 12  3.44 3.54 5.7 5.63 
12 to 13  3.47 3.51 11.66 11.54 
13 to 14  3.52 3.48 34.88 35.20 
14 to 15  3.61 3.58 79.41 79.91 
 
(b) Estimated values of mass transfer coefficient of 
CaO in slag for laboratory experiments (3.7 x 10-7 
to 1.8 x 10-4 m s-1) and in BOF (7.6 x 10-7 to 8.010-
5 m s-1) vary in a large range. This variation is due 
to difference in experimental conditions. The 
unpredictable cracking of lime followed by the 
penetration of slag into cracks can add to 
uncertainty in the estimated values. The 
bifurcation diagram also shows that chaos in 
dissolution process can occur due to 
decomposition of un-dissociated CaCO3 present 
within the lime used in BOF. 
(c) Slag viscosity has a dominant effect on lime 
dissolution in BOF.  
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Abstract: Calcium (Ca) treatment is commonly used to control the shape and composition of oxide and 
sulphide inclusions in aluminium (Al) and Al-Si killed steels. Calcium reacts with solid Al2O3 inclusions 
generating Ca-aluminates of lower melting point which also got higher capacity to dissolve S resulting in the 
formation of Al2O3-Ca-Mn sulphide compound inclusions. The addition of Ca must be optimum to produce only 
low-melting Ca-aluminates that are liquid at steelmaking temperatures. Both too high or too low Ca affect the 
castability by the formation of solid Ca-aluminates (CA6, CA2 and CA). In addition, higher Ca than required 
promotes the erosion of Al2O3 containing refractories such as slide gate and SEN and also affects castability by 
the formation of CaS. The optimum quantity of Ca that is to be added during Ca treatment depends on steel 
temperature, S, Oxygen (O2) content and concentration of Al2O3 inclusions and therefore to be carefully 
controlled for successful inclusion modification by Ca treatment. Success of Ca treatment also depends on 
efficient addition practices through wire injection; an appropriate understanding is hence an essential 
prerequisite. 
In the present investigation, an optimum regime for successful inclusion morphology modification by Ca 
treatment was identified and implemented for better inclusion control. Excellent correlation in terms of inclusion 
predictability was achieved from the developed Al-S-Ca matrix during actual plant trials. Successful 
implementation of this Ca addition practice has enabled JSW steel plant to significantly improve the yield of 
inclusion critical grades and enhance the customer satisfaction. 
 
Keywords: Calcium treatment, Inclusion modification, Sulphide inclusion morphology 
 
1. Introduction 
Inclusions in steel can form indigenously by 
deoxidation reactions or exogenously by external 
sources. Al when added to steel as deoxidant 
generates Al2O3 inclusions which are hard, non-
deformable and tend to form clusters promoting 
nozzle clogging during continuous casting. 
Therefore, Al killed steels are commonly treated 
with Ca to modify solid Al2O3 inclusions into 
liquid Ca-aluminates. Though, CaO and Al2O3 
can form different types of solid or liquid 
inclusions at steel making temperatures, their 
relative amounts, if controlled, ensure formation 
of low melting compounds. Hence, the addition 
of Ca must be optimum to produce only liquid 
Ca-aluminates at steel making temperature.  
Ca can also react with S forming CaS that 
reduces the ability of Ca to modify Al2O3 
inclusions. When S content of liquid steel is 
above 0.01%, the complete inclusion 
modification is difficult or impossible[1]. S 
prevents Ca from reacting with Al2O3 due to the 
formation of CaS that finally results into 
desulphurization. The steelmaker, hence, has to 
strike a balance between S, Al and Ca for 
efficient inclusion modification. 
The present study reviews the principles of 
inclusion modification by Ca treatment along 
with reviewing few application results achieved 
at JSW Steel’s steelmelting shops. 
2. Inclusion modification by Ca treatment 
Inclusion modification can be described by 
computing the reaction equilibria relevant to the 
inclusion formation. Deoxidation and 
desulphurization reactions during Ca treatment 
of Al killed steels are represented by equations 
(1) to (5) and modification of Al2O3 inclusions 
by Ca into Ca-aluminates is given by equation 
(6)[1]. 
2[Al] + 3[O] = (Al2O3)                                     (1)                                      
[Ca] + [O] = (CaO)                                           (2) 
[Ca] + [S] = (CaS)                                            (3) 
[S] + (CaO) = (CaS) + [O]                               (4)                                      
3(CaO) + 2[Al] + 3[S]= 3(CaS) + (Al2O3)       (5)                                     
x[Ca] + (1 +
x
3
) [Al2O3] = (Al2O3. xCaO) +
2x
3
 Al                                                                  (6) 
 
In practice, the total Ca to total Al ratio (Ca/Al) 
of steel is commonly used as an indicator of the 
state of Ca-aluminate inclusions. However, 
Turkdogan[2] has indicated that this is a 
misleading indicator as a part of Al is dissolved 
in steel and the remaining is present as 
inclusions. Similarly, treated Ca is present either 
as fume or as suspended particles in steel or slag. 
Thus, Ca/O ratio is a better measure of state of 
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Ca-aluminate inclusions produced by the Ca 
addition[3]. However, the total O2 includes O2 in 
all forms viz., indigenous and exogenous 
inclusions. As the quantification of their 
individual influence on thermodynamics of Ca 
treatment is difficult, this  study considers Ca/S 
ratio as the right metric for the purpose.  
2.1 Liquid Ca-aluminate inclusions  
Al, when added to liquid steel for deoxidation 
purpose, reacts with O2 to form dendritic Al2O3 
inclusions. Ca, during Ca treatment, initially 
transforms into Ca vapour at steel making 
temperature and dissolves into the liquid steel 
during its travel from ladle bottom to top. This 
dissolved Ca reacts with Al2O3 inclusions to 
form Ca-aluminates. 
Ca modified globular Al2O3 inclusions, in liquid 
form, impede cluster formation tendency and get 
wetted by liquid steel and thus their removal 
from steel is facilitated by bath stirring. The 
circled region in the binary CaO- Al2O3 phase 
diagram as shown in Fig. 1 shows the desirable 
composition of liquid Ca-aluminate inclusions 
for successful Ca treatment[4]. Undesirable solid 
Ca-aluminates, formed as a result of over and 
under injection of Ca, cause nozzle clogging 
during continuous casting and as harmful as 
Al2O3 inclusions as far as clogging is concerned. 
2.2 Effect of S level 
Modification of Al2O3 inclusion is also affected 
by high S level in the liquid steel as depicted by 
Ca-Al-S ternary phase diagram[3] (Fig.2). 
Starting from pure Al2O3 inclusions (point A), 
Ca content increases in the inclusion up to a 
point, either B or C, depending on the S content 
of the liquid, where CaS formation starts. If S in 
the liquid is more than 0.009%, inclusion 
chemistry follows the path A-B-D, otherwise 
follows A-C-D route. As a result, fewer 
inclusions actually achieve a composition that 
falls within the liquid window represented by 
C12A7 in case of high S liquid. Thus, the goal of 
Ca treatment to produce liquid Ca-aluminate 
inclusions, by following path the A-C-D, can 
only be achieved by controlling S (and Al) levels 
to the optimum values before Ca addition. 
2.3 Sulphide shape Control 
Ca-aluminate inclusions, retained in liquid steel, 
suppress the formation of MnS stringers during 
solidification as S get dissolved in liquid Ca-
aluminates to form Ca-Al-O-S globular 
inclusion. This change in composition and mode 
of precipitation of sulfide inclusions during 
solidification of steel is known as sulfide 
morphology or sulfide shape control. At the end 
of a successful Ca treatment, Al2O3 should get 
modified into liquid Ca-aluminate and S should 
get tied up as CaS which will dissolve and/or 
precipitate on Ca-aluminates to form Ca-Al-O-S 
globular type complex inclusion. CaS-MnS 
precipitate on Ca-aluminates to produce 
desirable bull-eye shaped inclusion (Fig.3) and 
floatation of these inclusions is enhanced by bath 
stirring[5]. 
 
Figure 1 CaO-Al2O3 binary phase diagram [4] 
 
 
Figure 2 Schematic representation of change in Al2O3 
inclusion composition of Ca treated steel as a function 
of S and Ca [3] 
 
The quantity of Ca addition and its addition 
practice with reference to steel temperature and 
composition, significantly influences the success 
of the Ca treatment. The formation of solid Ca-
aluminates with unacceptable level of stringer 
type sulphide inclusions in the final flat product 
resulted from inefficient Ca treatment are 
detrimental to the product properties. Therefore, 
the process parameters like addition temperature, 
level of total O2, S and Al in the steel bath 
should be carefully controlled and the quantity of 
 129 
 
Ca addition has to be optimized for successful 
inclusion modification. 
 
 
Figure 3 Al2O3 inclusion morphology modification by 
Ca treatment [5] 
 
3. Development of Ca treatment norms 
Based on the wisdom of Ca treatment discussed 
so far, it was felt prudent to develop simple but 
effective norms for steel plant operators to 
successfully achieve inclusion modification. The 
following is a brief discussion on the 
development of such norms at JSW Steel. 
3.1 S level before Ca treatment  
As discussed, Ca treatment is not effective if the 
Ca wire is added at higher S levels. A significant 
amount of Ca is required to achieve low S levels 
and such a reaction cannot proceed as excessive 
Ca injection generates higher vapor pressure and 
a reaction of Ca with O2 from air is favored over 
a reaction with S[6]. This facilitates the formation 
of CaO and precipitation of S as MnS inclusions 
during solidification. Therefore, for inclusion 
critical grades it is important to first reduce S 
level to a low value by employing good slag and 
controlled stirring before Ca wire addition. 
Ca, when added to liquid steel in various forms 
such as CaSi, CaFe, CaAlFe or pure Ca, converts 
Al2O3 inclusions into Ca-aluminates as per the 
reactions given in the equations (5) and (6), and 
controlled by various parameters as already 
discussed. The form of Ca-aluminates and their 
stability as a function of Al and S at a typical Ca 
addition temperature 1570 ⁰C is shown in Fig.4, 
which is derived from the work done by Kor 
et.al. [7]. Liquid Ca-aluminates of type 
12CaO.7Al2O3 (C12A7) forms if S and Al falls 
below the line represented by C12A7 whereas 
mixture of liquid and solid Ca-aluminates forms 
above the line. Solid Ca- aluminates of type 
CaO.Al2O3 (CA) are stable above the line C12A7.  
For effective inclusion modification, Ca is to be 
added to steel after maintaining S and Al below 
the line represented by C12A7 to achieve liquid 
Ca-aluminates and to subside CaS formation. As 
extensive study of the JSW Steel’s steelmaking 
data had been taken up to establish Ca-treatment 
parameters. This data, as superimposed in Fig.4, 
confirm the above discussion. 
 
 
Figure 4 Effect of Al and S on liquid and solid Ca-
aluminates saturation limits[7] 
 
 
Figure 5 Effect of Ca/S on sulphide inclusions 
 
3.2 The Ca/S ratio 
Ca to S ratio (Ca/S) is considered as a significant 
measure of steel cleanliness and needs to be 
maintained more than a critical value for 
successful Ca treatment[8,9]. In the present 
investigation, Ca/S ratio based on tundish 
chemistry is calculated for 13 higher and 39 
lower sulphide inclusion observed heats (Fig.5).  
Heats with sulphide inclusion rating greater than 
2.0 as per standard IS 4163:2004 are considered 
as high sulphide inclusion heats for this study. It 
is observed from Fig.5 that heats with Ca/S ratio 
less than 0.50 exhibited high sulphide inclusions 
in HR coil. Therefore, it was established that 
sulphide inclusions with higher rating would be 
avoided if Ca/S ratio is maintained at greater 
than or equal to 0.50. 
3.3 The O2 level 
Figure 6 shows the effect of total O2 on the 
amount of Ca needed to convert Al2O3 inclusions 
into liquid Ca-aluminates at a S level of 100 ppm 
at 1550 ⁰C temperature. Ca-S and Ca-Al 
saturation lines are indicated for total O2 content 
of 40 ppm. This indicates that the amount of Ca 
at certain O2 and Al level should fall between 
relevant Ca-S and Ca-Al saturation lines to form 
liquid Ca-aluminates. When the total O2 content 
is decreased from 40 to 30, 20 and 10 ppm the 
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window gets narrower and also the minimum 
amount of Ca required for attaining the liquid 
Ca-aluminates, for a constant Al content, 
decreases. A total Al content of 200-400 ppm is 
considered to be optimum based on the actual 
plant data to achieve bath total O2 content of 25-
35 ppm. Higher bath S content at a constant 
temperature of 1550 ⁰C and total O2 20 ppm 
pushes the line downward making the liquid Ca-
aluminates window narrower and increases the 
stability range of CaS as shown in Fig.7; thus 
increasing the difficulty in producing liquid Ca-
aluminates. 
 
Figure 6 Ca-aluminate & sulphide saturation lines 
showing liq. window[1] 
 
Therefore, through the present study, it was 
established that the S content should be 60 ppm 
or below before the Ca wire injection to achieve 
liquid Ca-aluminates. 
 
 
Figure 7 Same as Fig.6 with extrapolated liquid 
window for different S levels. 
 
3.4 Ca wire injection 
The efficacy of Ca treatment depends on particle 
size and different wire injection parameters. It 
was reported that particle size in the range of 200 
to 700 µm works best for the Ca treatment to 
avoid very high and low rates of reactivity[6]. 
Ca is generally added to steel in the form of Ca 
silicide or ferrocalcium by cored wire injection 
method. It is imperative to control the wire 
feeding rate in such a way that the Ca powder is 
released at the bottom of the ladle and consumed 
by the melt to the maximum extent in order to 
make this cored wire injection process efficient 
and cost effective. A separate study[10] on Ca 
wire injection parameters and their influence on 
Ca recovery was referred to establish the norms 
to achieve effective inclusion modification for 
efficient Ca wire injection. 
4. Conclusions 
The challenge posed by Al, S and O2 content of 
the steel on inclusion modification through Ca 
treatment and the significance of the ratios 
between these elements were discussed. 
The desired S level to produce low melting Ca-
aluminate and that to control sulphide shapes 
have been established. 
A processing window consisting of Al, S, Ca and 
O2 at typical Ca addition temperature 1570 °C 
was developed and successfully validated with 
the plant data.  
Finally, wire injection parameters were referred 
to aid efficient Ca treatment. 
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Abstract: Current paper is focused on reducing Electric Arc Furnace (EAF) steelmaking production cost using 
state-of-the-art modeling and optimization techniques. To this aim a detailed cost analysis was performed for the 
EAF steelmaking route (Mini Mill). Raw materials i.e., scrap and alloys were identified as the main cost 
contributing factor in the Mini Mill. Later a detailed on-line scrap (EAF) and alloy (Secondary Steelmaking) 
modeling and implementation techniques were discussed. The current modeling and optimization techniques 
reduced the liquid steel production cost significantly without compromising the final products. 
Keywords: Steelmaking, Modeling and Optimization, Scrap, Alloy
1. Introduction 
The ultimate aim of modern steel producers is 
higher productivity with stringent and consistent 
quality at lower cost of final products. Primary 
(Basic Oxygen Furnace i.e., BOF or EAF) and 
secondary steelmaking (Ladle Metallurgy) are the 
key units to achieve the above mentioned 
objective. Currently there are mainly two different 
methods of producing steel. One is BOF 
steelmaking, i.e., integrated steelmaking, which 
has liquid ironmaking capability from iron ore as 
well as steelmaking capability.  The other is EAF 
steelmaking, which is a scrap based process. In 
developed countries e.g., USA, with ample steel 
scrap, EAF steelmaking has increased rapidly over 
the BOF steelmaking, which is shown in Fig. 1. 
 
Figure 1 BOF and EAF market share in the USA[1]  
 
The EAF steelmaking process at Steel Dynamics 
Inc. (SDI) Columbus consists of scrap loading to 
the bucket, scrap charging to the furnace (single 
bucket charge), melting and refining, de-slagging 
and finally liquid steel tapping to the ladle. It is 
important to understand the overall cost structure 
of the process for modeling and optimization. The 
main cost contributing factors of a Mini Mill are 
Steel Scrap, Ferro-alloys, Utility (mainly energy), 
and Maintenance. A typical cost distribution of 
EAF steelmaking route to produce Hot Band is 
shown in Fig. 2. It is seen from Fig. 2 that the raw 
material in the EAF i.e., Scrap is the main cost 
contributing factor, which accounts for about 60-
80% of total cost of production. The second 
biggest cost in the EAF steelmaking route is Ferro-
Alloys, which is about 7-15% of total cost.   
 
Figure 2 Typical cost distributing of EAF route 
 
In this paper, a detail scrap and alloy modeling and 
optimization strategy is discussed, which helped to 
reduce the steelmaking cost at Steel Dynamics 
Columbus significantly.  
2. Scrap Management 
It is mentioned earlier that with ample steel scrap 
EAF steelmaking has gained popularity in the 
USA but it is important to mention here that all 
scrap types do not have the same quality. 
Therefore, the cost of the scrap varies with quality 
and availability of the scrap. The quality of any 
scrap can be defined by the scrap chemistry (Iron, 
Carbon, Copper, Silicon, Oxides and other volatile 
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substances) and bulk density. At Steel Dynamics 
Columbus we procure over 15 different types of 
scrap (e.g., Shredded, Busheling, Factory Bundle, 
#1 Bundle, Plates and Structural, Heavy Melt, 
Gamma Shredded etc.). Fig. 3 shows the 
characteristics of Shredded, Busheling, Factory 
Bundle and Pig Iron, which are consumed most at 
Steel Dynamics Columbus. Shredded scrap is 
mostly cars that have been run through a shredder. 
Busheling is the manufacture of pieces and parts 
and it is clean compared to shredded scrap. 
Generally, busheling is bundled and it is called 
Factory Bundle. Pig iron is the pure iron unit 
which is imported. Generally, pig iron is the most 
expensive raw material.   
 
 
 
Figure 3 Characteristics of different scrap 
 
At Steel Dynamics Columbus, primary steel 
(tapped from EAF) chemistry is targeted based on 
the quality requirement of final products and 
customer demand. In general, three to five copper 
levels are produced at SDI Columbus. So, proper 
scrap mix is necessary to aim below the designated 
maximum copper level. Instead of traditional fixed 
scrap mix, a Value-In-Use (VIU) scrap model was 
developed to target below the designated copper 
level at a low cost without disturbing the process 
and without compromising the quality of steel. It is 
important to mention here that at SDI Columbus 
there is only a single bucket charge facility tapping 
about 175 NT of liquid steel from the furnace to 
the ladle. 
Model Parameters: The model parameters 
considered in the current VIU Scrap Model are 
such as: 
 Aim Copper Level, % 
 Aim Tap Quantity, NT 
 Scrap Chemistry i.e., Carbon, Copper, 
Iron, Silicon, Oxides etc. 
 Scrap Cost, $/NT 
 Bulk Density, lb/ft3 
 Volume of the Bucket, ft3 
 
Constraints and Objective Function: There are five 
constraints which were used in the current 
modeling. 
 
 
 
 
 
 
 
 
 
 
 
 4. Minimum intended quantity of each scrap 
 
 5. Maximum intended quantity of each scrap 
 
The objective function, which was used to 
minimize the total scrap cost, is as follows: 
 
 
 
 
Optimum scrap mix is not synonymous with cheap 
scrap mix. Therefore, issues such as residuals, 
energy and flux consumption, furnace life, 
productivity, sizing and operational problems 
associated with such scrap mix were also 
considered during implementation of the model in 
the actual production. 
Model Implementation and Results: Initially the 
model was validated with process data and later 
implemented in the actual practice. Model 
parameters were tuned based on practice. At 
present the model is in use at SDI Columbus. The 
result of this modeling and optimization is shown 
in Fig. 4. It is seen from Figure 4 that as much as 
6% cost improvement was feasible for the time 
period analyzed when compared to American 
Metal Market busheling cost.     
1.∑𝐶𝑜𝑝𝑝𝑒𝑟 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐹𝑟𝑜𝑚 𝑆𝑐𝑟𝑎𝑝(𝑖) ≤ 𝐴𝑖𝑚 𝐶𝑜𝑝𝑝𝑒𝑟 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦
𝑛
𝑖=1
 
2.∑𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑐𝑟𝑎𝑝(𝑖) ≤ 𝐵𝑢𝑐𝑘𝑒𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 
𝑛
𝑖=1
 
3.∑𝑌𝑖𝑒𝑙𝑑𝑒𝑑 𝐼𝑟𝑜𝑛 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑆𝑐𝑟𝑎𝑝(𝑖) = 𝑇𝑎𝑝 𝑊𝑒𝑖𝑔ℎ𝑡 
𝑛
𝑖=1
 
𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =∑𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑆𝑐𝑟𝑎𝑝(𝑖)
𝑛
𝑖=1
∗ 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝑐𝑟𝑎𝑝(𝑖) 
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Figure 4 Scrap mix cost comparison before and 
after the model implementation 
 
Scrap Management Summary: Scrap management 
is the key for Mini Mill to reduce production cost. 
Current modeling and optimization technique 
shows as much as 6% of scrap cost reduction vs. 
using static scrap mix recipes. A successful scrap 
management system needs to be implemented with 
the collaboration of technical, operation, 
procurement, and upper management teams. Every 
day is new in the scrap market (price, availability 
and required quantity changes) therefore it is 
important to monitor the activities for all the time.  
3. Secondary Steelmaking Alloy Modeling 
Ladle Metallurgy Furnace (LMF) is the key unit 
during secondary steelmaking and proper control 
of LMF process parameters is essential to meet 
quality requirements with high speed continuous 
casting. The secondary steelmaking process at SDI 
Columbus involves tapping of liquid steel from 
EAF to ladle, transfer of ladle to LMF facility, 
processing at LMF, and final transfer of ladle to 
caster tundish. In the LMF control of liquid steel 
chemistry and temperature is achieved by 
controlling arcing and additions. Before this 
development arcing and additions at SDI 
Columbus were made based on a table developed 
by operating experience. However, for economic 
and stringent control of liquid steel chemistry and 
temperature, a model based advisory system is a 
must. In this paper, the development and 
implementation of an on-line process model for the 
control of steel chemistry during LMF processing 
is discussed. 
Modeling: The on-line chemistry model was 
developed for all the grades e.g., ultra-low carbon 
steel, low carbon steel, columbium and vanadium 
bearing HSLA steels and medium carbon steels. 
The LMF slag at Steel Dynamics Columbus is a 
quaternary system with CaO-MgO-Al2O3-SiO2 
with FeO + MnO less than 0.5%. Initially, a 
thermodynamic analysis of slag metal equilibrium 
for de-oxidation by aluminum was performed at 
the LMF. It was found that the dissolved oxygen 
concentration in the metal is larger than the 
CELOX probe measurement. Hence, slag and 
metal were not in equilibrium which confirms one 
of the author’s previous works. 
Due to the lack of equilibrium a materials balance 
based approach was taken for the development and 
implementation of the on-line alloy model for the 
LMF. Materials requirements were calculated 
based on the following equation: 
 
 
alloytheinpercentageElemental
1
.
erycovRe
1
.
100
WCC
neededAlloy metalinitialaim


      (1) 
 
In the above equation Caim, Cinitial and WMetal are 
aim weight percent of element, initial weight 
percent of element and total weight of metal, 
respectively. To account for the amount of alloy 
additions in the total metal weight elemental 
recoveries were varied based on aim concentration 
of the element. Empirical correlations were 
established for different elemental recovery based 
on statistical analysis of LMF data. All elements 
were taken into account for all the alloys during 
the calculation of alloy requirements. Elemental 
recoveries were dependent mainly on the amount 
of alloy additions except aluminum. Aluminum 
recovery was empirically established by the 
different process variables e.g., arcing, purging, 
holding and amount of slag-deox additions. 
The alloy requirements were calculated based on 
an in-house optimization model to confirm the 
least cost alloy additions. The in-house 
optimization code was developed based on a 
partial elimination of elements[2] , where the only 
source of lower cost alloy available and by 
optimization of a set of linear equations satisfying 
both the cost and aim chemistry. 
On-line Implementation: The main function of on-
line implementation was the communication 
between on-line data in level 2 and the process 
model. This data communication system was 
developed and the Graphical User Interface (GUI) 
was provided to the operators with the computed 
alloy additions advice by the process model. After 
building operators’ confidence a “closed system” 
Before 
After 
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was also developed for the alloy additions, where 
operators can accept the model advice and 
automatically the amount of alloys will be added to 
the heat. It is important to mention here that 
operators take the final decision for alloying and 
arcing so operators have the full freedom to change 
the model advice at any time during the process. 
Results and Discussions: Fig. 5 shows the predicted 
manganese concentration by the model and actual 
manganese concentration of the lollypop sample. The 
match between 1:1 line and data points are in good 
agreement, except few points in the range of 1.45% 
Mn. During investigation of these few heats, it was 
found that there was a hole in the alloy belt. The 
alloy was lost from that hole and less amount of alloy 
was actually added in the LMF hence the lower 
concentration of manganese than the predicted value. 
The model was validated before the actual on-line 
use for C, Mn, Si, Cr, V, Cb (Nb), Ti, B, P, and Al. 
Figure 5 Predicted manganese concentration by the 
model and actual manganese concentration of the 
lollypop sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summary of Secondary Steelmaking Alloy 
Modeling: An alloy model was developed and 
implemented in the LMF pulpit at Steel Dynamics 
Columbus to help the operator for better chemistry 
control during secondary steelmaking. The model 
capabilities are summarized here: 
 Prediction of steel composition at any time of 
the process with the actual on-line process 
variables. 
 A GUI based least cost alloy additions 
suggestion to the operator with actual metal 
chemistry and aim grade 
 Guides the operators to check any fault in the 
alloy handling system 
 Predicts decarburization process and warns 
about the high elemental levels 
 Reduced alloy cost by about 3-5% 
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Abstract:  Progress of simulation technology has enabled several quality critical problems to be better understood. 
Areas such as gas purging, chemical kinetics, thermo-mechanical fatigue have made much progress based on core 
governing physics and chemistry. In real world applications, though, many critical parameters governing 
manifestation of such physics entail significant variability; deterministic simulations pose serious limitations on 
process and product optimization/robust design. In this paper, several techniques that speed up uncertainty 
quantification, and the integration of test and simulation data through data fusion will be discussed. Elements of 
calibration of simulation model through controlled experiments, surrogate models for speed and predictability, data 
driven model development, identification of critical controlling parameters will be addressed as well. 
 
Keywords: Data analytics, Physics simulation, Reduced Order Model, Hybrid modeling and data fusion, 
Optimization, Robust design, Multi-Fidelity Modeling 
 
1. Introduction 
This presentation will focus on the application of a 
variety of mathematical techniques that enhance the 
value of analysis with accurate decision making 
insights. Dubbed as hybrid models, these models 
represent a synergistic combination of traditional 
physics based models, with the more modern data 
based analytics. A known challenge of accurate 
physics based simulations is that higher demands 
for accuracy imply more deterministic, and specific 
parameter values! This demands a very large set of 
parameter ranges for computational (numerical) 
design of experiment (DoE) studies. Smarter, and 
cheaper computing resources aid that effort. Despite 
this, time and cost pressures are pushing for even 
more effective and faster insights and decisions 
with appropriate and verified tradeoffs. This 
highlights the need for a confluence of analytical 
tools such that insights can be hierarchically derived 
for time sensitive decisions. Typical example of the 
decision relates to performance optimization under 
‘existing designs’ or predicting life of products in 
use (or more precisely: Time to failure). 
Fundamentally, there are these two schools of 
thoughts: Trust the physics vs. Data tells it all. They 
are both powerful tools with many pros while they 
are not con-free. Physics based solutions demand 
large parameter space to cover entire operating 
regimes and at some point, begin to lack accuracy 
or render impractical on speed-to-decision.  Data 
driven decisions begin with relative freedom from 
context, physics, and design inheritance. But these 
are those very specific highlights that limits 
dependable accuracy of the context-free 
unsupervised data analytics. 
Physics based models are well established in the 
design stage with primary decision process focusing 
on meeting design requirements, driving cost of 
production as well as covering analysis of failure 
modes and impacts based on regulatory or 
compliance needs. Operation and maintenance 
segments of products and processes’ life cycles 
require much more specific and in situ analysis that 
cannot utilize design models ‘as is’ in most 
instances. 
Hierarchical utilization of data analytics and 
machine learning techniques incrementally require 
enough knowledge, organization, and compute 
resource and time to gain a confidence on accuracy 
and timeliness. There are many successful and 
distinct efforts specific to data driven predictive 
models for performance and life of engineered 
products.  At the same time, integration of tools 
from different solution philosophies and domains 
are not matured and at places, not yet feasible. 
In following sections, we will document progresses 
in utilizing simulation frameworks, test data and 
design details to establish optimization and robust 
design techniques. 
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2. Hybrid models 
Hybrid models are an intelligent and synergistic 
combination of physics and data based models that 
produce superior results as compared to the models 
in isolation. The following scenarios may be 
imagined 
1. Data analytics enhancing the usefulness and 
applicability of physics based models. The 
ability to produce fast evaluating data based 
reduced order models (ROMs) from high 
fidelity but computationally costly detailed 
engineering models belong to this category.  
2. Models that use data analytical tools to 
perform data fusion and assimilation, such as 
between measurements and models of various 
fidelities to remove the weakness of each of the 
data[1]. 
3. Physics based principles enhancing the 
predictive capability of data based models. 
The use of physics based constraints, and 
physics based scaling variables to produce new 
features may be included in this category. 
In this paper, we mainly discuss the first and second 
category of models. 
3.Data analytics enhancing physics based models 
The success of detailed engineering simulations 
such as computational fluid dynamics and finite 
element analysis during the design of products, 
especially the detailed design review (DDR) stage, 
has motivated the use of such models for grander 
engineering challenges such as robust design, 
optimization, control design, system identification 
and uncertainty quantification.  The main difference 
between these problems and DDR is that these 
problems require a global understanding of product 
behavior over a wide parameter range rather than 
the analysis of an almost-finalized design. These 
problems, which have traditionally been attempted 
by system models with small degrees of freedom, 
will also benefit from the high-fidelity results of 
detailed engineering models. The high 
computational cost of performing a large number of 
detailed calculations over a range of parameters has 
prevented such an application for most except the 
simplest of models. With advances, and 
democratization, in machine learning, where similar 
problems of costly function evaluations are dealt 
with by creating surrogate models, the use of the 
results of high fidelity models by fast evaluating 
ROMs/surrogate models is a reality. We shall 
describe how such models may be built and used. 
4.Reduced order models (ROM) 
Reduced order models (ROMs) are fast evaluating 
mathematical substitutes that preserve the accuracy 
of the detailed models they approximate. ROMs 
may be built by either a physics based approach or a 
data based approach. In the physics based approach, 
the ROMs approximate the physics of the problem 
in some or whole parts of the domain. Prominent 
examples include panel methods for solving fluid 
flow problems in place of the full Navier-Stokes 
equations, or component mode synthesis (CMS) 
super-elements in solid mechanical simulations. 
On the other hand, data based ROMs are 
independent of physics, and work on the solution of 
the problem in hand. In this paper, we will concern 
ourselves only with data based ROMs. The 
usefulness of data based ROMs derive from the fact 
that they generalize, rather than memorize, the 
structure of the given data; they are not databases of 
previous results, but a good predictor for out-of-
sample data.  
Data based ROMs may be conveniently classified 
based on the use to which it will be put to. For 
example, a ROM for uncertainty quantification will 
most likely have scalar parameters as inputs, and 
scalars as outputs. On the other hand, a ROM for 
controller design will have a transient signal as 
input, and the transient response of the system will 
be the output. In this case, a parametrization of the 
transient signals is sought. 
5.Static ROMs based on simulations 
The process of generating a simulation based static 
ROM where the inputs and outputs are scalars is 
depicted in 
 
Figure 1. The details of those steps are explained 
below. 
 
Figure 1 Process for generating a high impact static 
ROM 
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(i) The first step in the process is the creation of a 
response surface based on a design of 
experiments (DoE). The samples of the DoE 
should be uncorrelated and should provide a good 
sampling of the function behavior in the parametric 
space. 
 (ii) Filter important variables, as measured by the 
contribution of the variables to the prediction of the 
output. Measures of importance include the 
correlation of the input to the output, the coefficient 
of determination, the coefficient of importance and 
the magnitude of coefficients in polynomial 
regression. 
 (iii) Build different meta-models (different 
combination of variables, different regressions etc.) 
for the output, and select the one with the highest 
forecasting ability (measured by its ability to predict 
out of sample data). 
 (iv) Perform more design evaluations, if the 
coefficient of prognosis (CoP) is low. The DoE is 
designed to be biased towards variables of 
importance 
(v) Use the created meta-model for engineering 
processes such as multi-variate optimization, 
uncertainty quantification, or model identification. 
The use of meta-model of optimum prognosis for a 
multi-variate optimization is described below. 
 
 
Figure 2 (a) The model damped oscillator, (b) the initial 
and reference time responses, and (c) the various 
candidate parameters that were evaluated during the 
simplex optimization process. 
6. Static ROMs based on measurements 
In cases where the inputs are based on 
measurements, the inputs may be correlated. The 
ability of a model to fit measured data may be 
severely impacted if used directly. In such cases, 
dimensionality reduction methods such as principal 
component analysis (PCA), or dictionary learning, 
in the case of time series data, may be adopted. 
The importance of dimension reduction may be 
seen from an example of predicting the size of the 
residue the tertiary structure of proteins based on 
measured physicochemical parameters (10 of 
them)[2]. Without PCA, a linear model of the 10 
parameters predicts with a quality of 0.29. 
Replacing the linear model with a 100-neurons 
neural network model improves the prediction 
quality to 0.49. However, use of PCA (5 principal 
components only) derived variables, improves the 
prediction quality to 0.997 even for a linear model. 
 
Figure 3 Comparison of predicted and actual values by 
linear regression using (a) unmodified input variables 
and (b) five principal components. 
7. Transient ROMs 
The transient response of the system as a function 
of the input parameters is of interest, for example 
where we want to design a controller. In general, 
the response of the system to any change in the 
input may be non-linear and there are no generic 
methods for such problems. However, we discuss 
two simplifications that have been successfully 
adopted. 
In instances where the response of the system to 
changes in the input is linear, such as the case for 
temperature at a point due to changes in the power 
to heating elements (subject to the absence of 
radiation effects), the response of the system to a 
unit change in input is obtained. The responses to 
arbitrary changes in the input, a key requirement in 
the design of control systems, may then be obtained 
using singular value decomposition (SVD) methods. 
 
Figure 4 Transient temperature response (a) due to a 
pulse input (left) is used to predict the response due to a 
complicated input (b). 
In other instances, the response of the system may 
be obtained by regressing on the values of the 
outputs and inputs at earlier instances. In these 
cases, non-linear auto-regressive variables with 
exogenous variables (NARX) based models may be 
used to learn the system response. Depending on the 
completeness of the input data, and the generalizing 
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ability of the NARX model, the response of the 
system to changes in input may be predicted with 
confidence as is shown in Figure 5. 
In both the models, once a ROM has been 
developed, it may be used for designing a control 
strategy. 
8. Multi-fidelity models 
During the product development process, 
measurements and models of various fidelities are 
developed. The low fidelity models and experiments 
are typically quite cheap to perform, while higher 
fidelity is obtained by larger effort and cost. Multi-
fidelity models aim to use to fuse easy to obtain low-
fidelity data with few expensive and accurate high-
fidelity data to build a global high-fidelity model. 
The basic ideas of a multi-fidelity co-Kriging 
procedure are described in Ref [3]. 
 
 
Figure 5 (a) The response of the pH of a system (bottom) 
due to changes in the flow rates of acid (top) and base 
(middle) and (b) Comparison of the output of the original 
system with predictions using a NARX neural network 
Low fidelity models arise from a variety of 
simplifications, such as a lower mesh density, 
approximations in terms of physics, lower order 
discretization, lower level of convergence, or even 
experimental correlations.  For simulations, well 
executed measurements could be a source of high-
fidelity data.  
A simple application of the multi-fidelity model is 
illustrated in Figure 6. CFD results from a coarse 
mesh is used as a low-fidelity source, and a mesh 
with 10 times more density is used as a source of the 
high-fidelity result. The original low mesh density 
results are recalibrated using the multi-fidelity model 
and the results are predicted for other parameter 
values. For the case of verification, simulations were 
performed on the fine mesh and verified, as can be 
seen in Figure 6. 
The dramatic impact of Multi-Fidelity modeling may 
be seen in the context of a problem involving the 
dissolution of particulates in a mixing tank. 
Dissolution is a complicated phenomenon that is 
dependent on the rate limiting step (diffusion versus 
surface reaction), the local concentration of the 
solute, the turbulence and flow field, and the change 
in the size of the particles as dissolution proceeds. A 
CFD model to predict this should necessarily include 
the population-balance to account for the variation of 
the dissolution kinetics with change in size. These 
make the model computationally heavy. 
It is also possible to model this process using 
simplified dissolution kinetics models. One such 
simple model is the one based on assuming a well-
mixed reactor in which the rate of dissolution is 
dependent on the initial size of the particles. 
During our presentation, we will describe how the 
multi-fidelity model recalibrates the rough estimates 
of the simple model, to more realistic and validated 
models of CFD using only a few CFD runs, but valid 
for much larger parameter range for which the 
simple models is run. We also show comparison with 
validation CFD runs that were done and compare 
results. 
 
Figure 6 Illustration of Multi-fidelity process in a CFD 
simulation with coarse and fine meshes 
9. Closure 
In this paper, we established the types and value of 
the algorithms and methods of multi-fidelity and 
reduced order models. During the presentations 
additional case studies will be presented to establish 
the engineering value of these methodologies in 
some real-world examples in product engineering. 
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Abstract: Experiments at plant level were carried out which establish the relationship between fluctuations in extent 
of bulging and the meniscus level fluctuation during the continuous casting of steel thin slab. The results were 
explained on the basis of Fourier analysis and empirical bulge model reported in literature. Using the effective 
conductivity based two-dimensional thermal model the thermal field and consequently the parameters of the refined 
bulge model were computed. Based on the idea that minimization of mould level fluctuation in absence of online 
control strategy would lead to minimization of the same when an online control is active, the authors have 
minimized the bulge fluctuation by coupling the thermal-bulge model with Genetic Algorithm based optimization.  
 
Keywords: Meniscus level fluctuation, Bulging, Genetic Algorithm 
 
1. Introduction 
 
Increasing the casting speed in thin slab casting [1] 
beyond a certain limit and thereby increasing the 
productivity is challenging primarily due to 
thermal stresses leading to crack and fracture 
(breakout), and fluctuation in bulge profile, leading 
to meniscus-level fluctuations (MLF) since the 
parameters influencing bulging are not constant 
with time [2]. Few efforts have been taken to 
minimize the meniscus level fluctuation [3-5]. These 
efforts involved minimization of total bulging in 
the strand by optimization. These efforts got 
significant success in enhancing the casting speeds 
in thin slab casters. The present work explains the 
deeper understanding of the relationship between 
bulge fluctuation and meniscus level fluctuation, 
which is in the heart of these approaches. 
2. Bulging fluctuation and meniscus level 
fluctuation 
Bulging gives rise to excess volume of the strand 
in between two consecutive rolls of the slab caster, 
as shown in Figure 1. Assuming the strand surface 
in between two consecutive rolls to be prismatic 
with a triangular directrix (see Figure 1), excess 
volume of the strand in between ith and (i+1)th roll 
is given by: 
LiibiiW
LiiWiiVex


)1,()1,(~
)1,(5.02~)1,(
max
max
        (1) 
 
 
 
Figure 1 Bulging in between two consecutive rolls (Wmax 
is exaggerated) 
 
where Vex (i, i+1) is excess volume of the strand 
between ith and (i+1)th roll, b is the distance 
between the ith and (i+1)th  rolls or the roll pitch, L 
is width of the slab, Wmax (i,i+1) is maximum 
bulging in between the ith and (i+1)th  rolls.  
Thus the excess volume of the entire strand, 
arising due to bulging, is then given by 
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where N is the total number of rolls in the 
secondary cooling and tertiary cooling zones. 
Maximum bulging in between two consecutive 
rolls (Wmax(i,i+1)) is calculated from the empirical 
relation given by Wang and Thomas [6,7]. The 
relationship is given by: 
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where F is shape factor of bulging, Fp (i,i+1) is the 
ferrostatic pressure (MPa), b (i,i+1) is the roll 
pitch (mm), V is the casting speed (m/s), S(i,i+1) is 
the shell thickness (m), and Ts(i i+1) is the mid-
wide surface temperature of the slab (°C). S(i,i+1) 
and Ts(i,i+1) are computed using thermal model 
described in reference 3. After steady state is 
reached for a given set casting speed (Vo),  S(i,i+1) 
and Ts(i,i+1) in between i
th and (i+1)th roll attains 
a steady state value and thus Wmax(i,i+1) becomes 
a function of V alone. In other words:  
)()1,(max VgiiW                         (4) 
However, V fluctuates and as a result Wmax(i,i+1) 
and  𝑉𝑒𝑥
𝑡𝑜𝑡𝑎𝑙 fluctuate. Fluctuation in Wmax(i,i+1) is  
given by: 
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For a given set casting speed V0, the instantaneous 
casting speed V can be approximated by: 
 



M
j
jj twVV
1
0 sin                       (6) 
where M is the number of terms in the Fourier 
series, and δj and wj are constants. We then get, 
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Meniscus level fluctuation rate for a set casting 
speed is given by:     
    
dt
dV
Adt
dY
total
ex1                      (8) 
 
where Y is meniscus level, dY / dt is rate of 
change of meniscus level and A is the area of 
cross-section at the meniscus level. Substituting 
Eq. (1) in (8) we get dY / dt equal to: 
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Since magnitude of fluctuation in V << Vo we have 
replaced V by Vo in Eq. (9).  
Integrating Eq. (9) with respect to time, it can be 
again derived that maximum perturbation in Y will 
also be proportional to ∑ 𝑊𝑚𝑎𝑥
𝑁−1
1 (𝑖, 𝑖 + 1) . 
Thus the maximum perturbation in Y will be 
proportional to ∑ 𝑊𝑚𝑎𝑥
𝑁−1
1 (𝑖, 𝑖 + 1). Therefore, 
the references 3 and 4 minimize ∑ 𝑊𝑚𝑎𝑥(𝑖,𝑖+1)
𝑁−1
1   
to minimize the meniscus level fluctuation and 
casting speed could be increased by almost 35%. 
In order to carry out the optimization evolutionary 
Genetic Algorithm, both single objective [3] and 
multi-objective [4,5] were used. 
3. Summary 
The present paper reports studies which were 
aimed to understand the relationship between 
fluctuation in bulging and meniscus level 
fluctuation. Further, the paper reports the work of 
optimization of the spray distribution in the 
secondary cooling section of casting machine, 
using the above mentioned relationship, so that the 
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total bulging and thus the meniscus level 
fluctuation is minimized. As a result of these 
efforts the casting speed in thin slab casting could 
be increased by 35 %.  
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Abstract: Melt temperature in tundish controls the quality of cast metal, and affects the caster operation and 
refractory life. During casting, ladle continuously loses heat and hence ladle melt temperature changes. Large 
ladles may take an hour or so for its pouring into tundish. Thus temperature in tundish also continuously 
changes. This phenomenon has been mathematically and physically modeled. This paper presents melt and 
temperature distribution in a tundish. Ratio of buoyancy to inertial forces, called Tundish Richardson number, is 
adequately used to water model flow in tundish for such situations. Isothermal and non-isothermal water 
modeling results are presented. To maintain good quality of casting, external heating of the melt in tundish is 
necessary. DC plasma, AC plasma, and induction heating are used to control melt temperature within ±2° to 
±5°C of aim temperature. Industrial results are presented which show the effect of superheat on inclusion index 
of the cast metal.  
 
Keywords: Tundish melt flow, temperature control, external heating, modeling criterion 
 
1. Introduction 
It is important to control melt temperature 
exiting the tundish to mold in continuous 
casting. Melt superheat has significant effect on 
the quality of the cast metal and also has an 
influence on refractory life and caster operation. 
Mathematical and water modeling can be made 
to study the effect of melt flow in tundish and its 
effect on melt temperature variation. External 
heating has become a common practice to 
control the melt superheat. 
2. Melt temperature variation 
Figure 1 shows melt temperature variation in two 
different heats in an industrial tundish.[1] Figure 
2 shows temperature variation during more than 
one ladle.[2] Melt temperature shows a typical 
dome-shaped profile. For each ladle, temperature 
rises and reaches a maximum temperature in 
about 20 mins and then declines gradually for the 
rest of the heat. The next ladle then starts filling 
tundish with high temperature metal at higher 
than steady flow rate. This increases tundish melt 
temperature to a peak value which then again 
gradually declines. 
3. Melt flow modeling 
Chakraborty & Sahai[3] mathematically modeled 
melt flow and temperature of melt during casting 
of one heat. Figure 3 shows four monitoring 
points and melt temperature at these points. 
Authors considered an uncovered ladle with 
large heat loss. In 48 mins of casting, about 40°C  
 
Figure 1 Tundish Melt Temperature variation[1] 
 
 
Figure 2 Tundish melt temperature during sequence 
casting[2] 
temperature drop was predicted. Initially when 
hot metal is poured into a tundish, hot metal rises 
and flows near the surface. Overall tundish melt 
temperature gradually increases and reaches 
peak temperature, at the same time metal in ladle 
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gets cooler. Modeling results have shown that 
after some time ladle stream temperature 
becomes lower than the tundish melt temperature 
(see Figure 3). This cooler metal causes the flow 
reversal in tundish. Figure 4 shows predicted 
velocity profiles in the symmetry plane (A) 
under steady state conditions and (B) after 47 
mins of casting. This figure clearly shows the 
change in flow profile during casting of one heat.  
 
 
 
Figure 3 Tundish melt temperature variation at four 
monitoring points[3] 
 
Figure 5 shows selected water modeling results. 
Three dye tracer tests are shown in this figure. 
The top is a dye tracer test in an isothermal, 
steady state flow. The middle and the bottom 
pictures are from non-isothermal tests where 
warmer water is added to cooler water in the 
model tundish and cooler water is added to 
warmer water in middle and bottom pictures, 
respectively.  
Damle and Sahai[4] suggested that ratio of 
buoyancy to inertial forces is necessary 
similarity criterion to be satisfied for non-
isothermal water modeling. The ratio is called 
Tundish Richardson number and is given by the 
following equation. 
forceinertial
forcebuoyancy
Re
Gr
Tu
22



V
TgL  
Where, Gr is Grashof number, Re is Reynolds 
number, g is acceleration due to gravity, L is 
characteristic length, β is coefficient of thermal  
 
Figure 4 Metal flow fields in (A) under steady-state 
and (B) near the end of one heat[3] 
 
 
 
 
 
 
Figure 5 Water model dye tracer tests (top) 
isothermal conditions, (middle) warm water in cooler 
water, and (bottom) cooler water in warmer water  
expansion, ΔT is temperature difference, and V is 
velocity. The authors validated the similarity 
criterion by non-isothermal water modeling 
experiments. 
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4. Melt superheat and quality 
Influence of melt superheat on quality of cast 
steel is shown in Fig 6. The figure shows that the 
number of non-metallic inclusions, including 
slag entrapment increases with decreasing 
temperature, and the center line segregation 
index also depends on melt superheat.[5] Low 
melt temperature may freeze metal inside the 
submerged entry nozzle, or alumina inclusions 
may deposit inside the SEN and eventually block 
the nozzle. Refractory life is also affected by 
high melt temperatures. Figure 7 shows the 
effect of melt superheat on the inclusion index in 
cast slab.[6] 
5. External heating 
It is obvious from the discussion above that there 
is a need of external heating and control of 
superheat in tundish. Usual aim temperature for 
billet casting is 15°C and 25°C for slab casting. 
Melt superheat varies from 15 to 30°C in tundish 
during pouring of one heat from the ladle. The 
BOF tap temperature should be kept high enough 
so as the melt temperature entering the mold 
should not fall below the aim temperature. 
Figure 8 shows how melt temperature drops 
from BOF to tundish and effect of plasma 
heating in controlling it.[6] Many companies use 
external heating to control the melt temperature 
within the aim temperature. External heating can 
be done by plasma or induction and temperature 
can be maintained within ±2° to ±5°C of the aim 
temperature.  
Two types of plasma heating are used in 
tundishes. They are DC arc and AC arc plasma 
systems. In DC arc plasma system, a plasma 
torch is lowered in a tundish from the top in an 
enclosed refractory chamber. The torch acts as 
cathode and the metal in tundish acts as anode. 
The torch strikes an arc with the metal and 
completes the electrical circuit. Figure 9 shows a 
schematic of the DC plasma heating system in a 
tundish.[6] The torch is made of water cooled 
copper tube with a thoriated tungsten tip. De-
ionized water supply is used for cooling the torch 
to avoid any mineral deposits inside the torch. 
The torch needs an ionization gas to form the 
plasma. Ar and N2 are possible gases that could 
be used for ionization. Arc length and arc 
voltages vary with the Ar to N2 ratio. 
 
 
 
Figure 6 The effect of melt superheat on inclusion 
content and center line segregation index[5] 
 
 
 
Figure 7 Effect of melt superheat on inclusion index 
in cast slab[6]  
 
 
Figure 8 Melt temperature change from BOF turn 
down to tundish and control by plasma heating[6] 
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Figure 9 Schematic of DC plasma heating system in a 
tundish[6] 
 
Figure 10 shows schematic of top and side view 
of Kobe Steel’s AC plasma system.[7] Maximum 
power of this plasma system is 2.4 MW. In the 
transferred arc mode, the arc forms between each 
torch and metal surface, and in the non-
transferred arc mode the arc is established 
between the two torches. 
 
 
 
Figure 10 Top and side views of a single phase AC 
plasma[7] 
 
Figure 11 Melt temperature control with induction 
heater in a tundish[8] 
 
 
 
An induction heater can be installed in a tundish 
and can also be effectively used to control melt 
temperature in a narrow range. Figure 11 shows 
melt temperature control by an induction heater 
in a tundish.[8] More details of any of these topics 
can be found in Ref. 9, on which this paper is 
based.  
6. Summary 
Melt temperature in tundish varies continuously 
due to heat losses in ladle and tundish. Melt 
temperature change has effect of the quality of 
cast metal, caster operation, and life of 
refractory. Temperature variations can be studied 
by mathematical and water modeling. Non-
isothermal flows in tundish can be modeling by 
satisfying Tundish Richardson number similarity 
criterion. External heating in tundish is being 
used to maintain melt temperature in a narrow 
range. DC plasma, AC plasma, and induction 
heating have been successfully used to control 
tundish melt temperature. 
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Abstract: The desulfurization (de-S) reaction of molten steel via CaO-Al2O3-SiO2-MgO-CaF2 ladle slag was 
generally controlled by the metal phase mass transfer. However, there was a transitional period associated with 
the rate controlling step (RCS) due to a change in the physicochemical properties of the slag. Alternatively, it is 
well known that ‘MgAl2O4(spinel)+CaS’ complex inclusions are formed in high-S steel during the ladle refining 
process, and these cause nozzle clogging during continuous casting. The critical S and Al contents necessary for 
the precipitation of CaS in the CaO-Al2O3-MgO-SiO2 oxide inclusions were predicted. Finally, the formation 
mechanisms for ‘Spinel+CaS’ complex inclusions were also proposed. 
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1. Introduction 
It is well known that sulfur is easily precipitated at 
the grain boundary in the form of sulfide 
inclusions due to a very low solubility in the 
austenite and ferrite steel matrix. Consequently, 
the mechanical properties of steel become 
degraded. During the secondary refining process, 
slag chemistry is very important since sulfur is 
removed via slag-metal reactions.  
Hino et al.[1] reported that when MgO is dissolved 
into the CaO-Al2O3 slag, desulfurization (de-S) of 
the slag becomes slightly more effective than that 
of the CaO-Al2O3 binary slag. One of the present 
authors reported that MgO could increase the 
activity of the free O2- ion (i.e., basicity) under 
conditions of relatively low CaO activity.[2] For the 
role of CaF2 with regard to the physicochemical 
properties of ladle slag, Kim and Park reported 
that the viscosity of low-silica calcium 
aluminosilicate melts at a fixed MgO content 
decreased through the addition of 5%CaF2, 
followed by a very slight decrease during further 
CaF2 additions.[3]  
Alternatively, many researchers have reported that 
the ‘Oxide+CaS’ complex inclusions were formed 
when Ca treatment was carried out, and these 
inclusions cause nozzle clogging during 
continuous casting. Holappa et al.[4] proposed that 
CaS precipitation is promoted with increasing 
content of S in the residual liquid steels during 
solidification. Choudhary et al.[5] developed a 
thermodynamic model for predicting the formation 
of oxide-sulfide complex inclusions arising out of 
competitive reactions among O, S, and Ca in Al-
killed steel. Verma et al.[6] reported that spinel-CaS 
complex inclusions formed due to a reaction 
between spinel and CaS during the modification of 
spinel to liquid oxide inclusions in Ca-treated 
steels.  
Recent attempts have been made to produce high-
S steels without direct addition of Ca in molten 
steel to avoid the formation of CaS. However, 
thermodynamic information related to the 
formation behavior of oxide-sulfide complex 
inclusions without Ca-treatment conditions is 
scarce. Consequently, we focused on de-S 
behavior according to a wide composition of slag 
considering plant conditions. Moreover, the 
formation mechanism of oxide-sulfide complex 
inclusions without Ca-treatment in high-S steels 
was investigated.  
2. Experimental procedure 
Experiments were carried out using a high 
frequency induction furnace, of which schematic 
diagram is available in previous articles.[7] The Fe-
[0.3-0.8%]C-[0.4-0.8%]Mn-[0.3%]Si-[0.03-0.04%] 
Al-[0.04-0.07%]S steel (600 g) was placed in a 
fused MgO crucible (51 mm ID, 60 mm OD, 100 
mm H) with a graphite heater for induction heating. 
Impurities in the Ar-3%H2 gas mixture were 
removed by passing the gas through purifying 
system. The experimental temperature was 1823-
1873 K, which was controlled using a B-type 
thermocouple and a PID controller.  
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After the temperature stabilization was confirmed, 
CaO-Al2O3-SiO2-MgO-CaF2 slag (60 g) was 
injected through the quartz tube. In order to 
describe the Si- and Al-killed deoxidation 
processes, C/S and C/A ratios were varied from 
1.9 to 6.3 and from 1.1 to 1.9, respectively. In situ 
suction sampling and quenching methods were 
employed to obtain steel and slag samples during 
the slag-metal reactions at various time intervals. 
After the experiments, the content of oxygen and 
sulfur was determined using a combustion 
analyzer and the composition of the steel was 
obtained using ICP-AES. An automatic feature 
analysis system in SEM-EDS was employed to 
quantitatively characterize the inclusions in terms 
of chemistry, morphology, and population statistics. 
The slag composition was analyzed using an XRF 
spectrometer.  
3. Result & Discussion 
3.1 Effect of CaO/Al2O3 and CaO/SiO2 ratio 
on desulfurization kinetics 
The de-S ratio ([%S]t=t/[%S]t=0) through the 
liquid slag is shown in Fig. 1 as a function of 
reaction time for various slag conditions such as 
the CaO/Al2O3 (=C/A) ratio (Fig. 1(a)) and 
CaO/SiO2 (=C/S) ratio (Fig. 1(b)). In most cases, 
the S content in the metal phase reached 
equilibrium within approx. 15 min., whereas the 
de-S behavior through the lowest C/A=1.1 and 
C/S=1.9 slags exhibited relatively sluggish 
concentration profiles. The C/S=1.9 slag especially 
showed that the equilibration time required more 
than 1 hour and that the initial [S]-decreasing rate 
was remarkably slow.  
For a quantitative analysis of the de-S reaction 
kinetics, the reaction mechanism should be 
confirmed theoretically. Because the chemical 
reactions are relatively fast at steelmaking 
temperatures, it is well known that the overall 
desulfurization rate is controlled by the mass 
transfer of sulfur due to a concentration gradient in 
the metal phase under high de-S driving force 
conditions.[8,9] Based on this background, the de-S 
rate equation can be expressed as a 1st order 
reaction, as given in Eq. (1), to the S content in the 
metal phase: 
)( eqCCk
dt
dC
    (1) 
where Ceq, k, and t respectively represent the 
equilibrium S content, the apparent 1st order rate 
constant (1/s), and the reaction time (s). Under 
steady state conditions, the overall de-S flux (J) 
and overall mass transfer coefficient (ko) values 
can be deduced as follows.  
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where J, C, ko, and t respectively represent the 
molar flux of S (mol/m2s), the molar concentration 
of S (mol/m3), overall mass transfer coefficient 
(m/s), and time (s). Subscripts b and i indicate the 
bulk phase and interface, while m and s indicate 
the metal and slag phase, respectively.  
 
 
Figure 1 De-S ratio vs. reaction time for different (a) 
CaO/Al2O3 ratio and (b) CaO/SiO2 ratio at 1823 K 
There is the possibility for slag phase mass 
transfer control with regard to the de-S process 
through a low sulfide capacity and high viscosity 
slag. Consequently, there is a transition period 
with regard to the rate controlling mechanism by 
changing the thermodynamic driving force and 
slag thermophysical properties such as the 
viscosity. The overall mass transfer coefficient can 
be seen in Fig. 2 as a function of slag viscosity and 
the equilibrium S partition ratio, from which very 
interesting points could be derived as follows.  
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Figure 2 Overall de-S mass transfer coefficient with (a) 
slag viscosity and (b) S partition ratio at 1823 K 
 
For slag with viscosity greater than about 1.1 dPas 
(poise) and S partition ratio lower than about 400, 
the overall mass transfer coefficient was affected 
by a change in the properties of the slag. A 
tendency for a decrease in the de-S rate for less 
basic slag with higher viscosities and lower S 
partition ratios was in good agreement with the 
literature. That is, the de-S reaction by slag with 
the above characteristics could potentially be 
controlled through slag-metal mixed mass transfer 
control or slag phase mass transfer.[10]  
3.2 Inclusion evolution in high-S steel  
The SEM images of typical inclusions in high-S 
steel are shown in Fig. 3. The Spinel-CaS complex 
(SP+CaS) and CAMS liquid inclusions containing 
a trace amount of S (Liquid(-S)) were observed. 
We observed a spinel present at the core of oxide-
sulfide complex inclusions.  
The variation in the relative fraction of each type 
of inclusion is represented as a function of reaction 
time and S content in the steel in Fig. 4. 
 
Figure 3 SEM images of the observed inclusions in 
high-S steel 
 
Figure 4 Change in relative fraction (population) of 
inclusions in low- and high-S steels 
Most of the inclusions were CAMS liquid 
inclusions before S addition. For the low-S steel, 
i.e., [S]=0.01-0.03%, the CAMS inclusions 
transformed to SP+CaS complex inclusions; the 
fraction of which was about 70%. Then, the 
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fraction of SP+CaS complex inclusions gradually 
decreased and CAMS(-S’) liquid inclusions 
continuously increased with reaction time. 
However, in the high-S grade experiments, i.e., 
[S]=0.05-0.09%, the CAMS liquid inclusions 
transformed to SP+CaS complex inclusions 
(approx. 70%) for time frames 5 minutes after the 
sulfur was added. This fraction was almost 
maintained until the final stage of the reaction. 
The critical S and Al contents for the precipitation 
of CaS on the CAMS oxide inclusions were 
predicted based on inclusion-steel equilibrium 
using Eqs. (4) and (5).[11]  
3(CaO)incl.+2[Al]+3[S]=3(CaS)incl.+(Al2O3)incl. (4) 
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The formation mechanism of SP+CaS complex 
and CAMS(-S’) liquid inclusions can be 
schematically represented as shown in Fig. 5. 
When the S content is higher than the critical value 
for the precipitation of CaS, the CaO in the CAMS 
liquid inclusions react with S and Al in the molten 
steel. Therefore, the composition of the inclusions 
in the core is transformed to the MgO-Al2O3 rich 
system (close to spinel), and a CaS shell is formed. 
On the other hand, when the S content is lower 
than the critical value for the precipitation of CaS, 
CAMS(-S’) liquid inclusions are formed. 
 
Figure 5 Schematics of the formation mechanism of 
SP+CaS complex and CAMS(-S’) liquid inclusions 
 
 
 
4. Conclusions 
1. The de-S ratio through liquid slag reached 
equilibrium within approx. 15 min irrespective of 
the C/A(=1.3-1.9) and C/S(=3.8-6.3) ratios. 
However, the de-S behavior through less basic 
slags (i.e., C/A=1.1 and C/S=1.9) exhibited 
relatively sluggish sulfur content profiles as a 
function of time. 
2. The de-S reaction of molten steel by the CaO-
Al2O3-SiO2-MgO-CaF2 ladle slag was generally 
controlled through the mass transfer of sulfur in 
the metal phase. However, there was a transition 
period with regard to the rate controlling 
mechanism by changing the physicochemical 
properties of the slag.  
3. The Spinel-CaS complex (SP+CaS) and 
CAMS(-S’) liquid inclusions containing trace 
amounts of S were observed in high-S steel. The 
critical S and Al concentrations for the 
precipitation of CaS in the CAMS liquid 
inclusions were calculated using the measured 
composition of CAMS liquid inclusions.  
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Abstract: In the current study, non-metallic inclusions in pipeline steels, tire cord steels and stainless steel during 
cooling, solidification and reheating were investigated, especially their composition. The composition variation in 
steel during casting and reheating was induced by the newly precipitated oxide inclusions/phases and 
thermodynamic calculation was performed and supported the conclusion. The deformation of inclusions during 
rolling was investigated and the relationship between the deformability and the composition, melting temperature 
and Young’s modulus of inclusions was summarized. 
 
Keywords: Inclusion transformation, solidification, cooling, heat treatment 
 
1. Introduction 
Non-metallic inclusions have great influence on the 
strength, toughness, fatigue and surface quality of 
steel. The control of inclusions has become one of 
the crucial issues in clean steel production[1, 2]. 
Many investigations on the control of inclusions in 
molten steel have been presented. Thermodynamics 
is the basis of inclusion control, many works have 
been carried out, including the deoxidation 
equilibrium[3-5], inclusion modification[6-9] and 
reoxidation[10, 11], etc. Up to now, almost all the 
thermodynamic data were measured in molten steel, 
however, the relevant thermodynamic data for solid 
steels was lacking. In recent years, the kinetics of 
the inclusion control was paid more and more 
attentions to. For example, the nucleation, growth 
and removal of inclusions in a metallurgical 
reactor[12, 13], the composition evolution of 
inclusions under the reactions between 
slag-steel-refractory-air- inclusion multisystems[14, 
15]. In addition, the characteristics of inclusions in 
industrial steelmaking and refining practices were 
also investigated well[6, 16, 17]. Inclusions are 
controlled mainly by adjusting the compositions of 
steel and slag, which is performed at the 
steelmaking temperature. Based on the works cited 
above, the inclusions in molten steel can be well 
controlled. 
However, since the equilibrium constant is closely 
related to the temperature, the equilibrium between 
steel and inclusions moves when temperature 
decreases, resulting in a change in the inclusion 
compositions[18, 19]. For practical applications, we 
should also control the composition of inclusions in 
slabs and hot rolled rods or plates. Thus, it is 
necessary to understand the characteristics of 
transformation of inclusions during the 
solidification and cooling processes of molten steel 
or the reheating process of solid steel for better 
inclusion controlling.  
In the current work, three types of steels, including 
an Al killed steel, a Si-Mn killed steel, and a high 
alloyed steel were considered. The transient 
phenomena of inclusions during the casting and 
rolling process of pipeline steels and tire cord steels, 
as well as during the reheating process of stainless 
steel were investigated. Some of the similar works 
have been described in other papers of the current 
authors[20-23]. 
2. Transformation of inclusions during the 
solidification and cooling of pipeline steels 
Pipeline steels were produced by the route of KR→
BOF→LF→Ca treatment→CC. Molten steels were 
casted into slabs via a tundish. Steel samples were 
taken from the tundish and the slab, respectively. 
Compositions were measured and inclusions were 
detected using Aspex, an automated scanning SEM. 
Main composition of molten steel in tundish was: 
330 ppm Als, 12 ppm T.Ca, 12 ppm S, 6 ppm T.Mg 
and 14 ppm T.O. There was no reoxidation during 
casting process. 
Figure 1 shows the composition distributions of 
inclusions in molten steel from tundish and in slab. 
The inclusions in molten steel were calcium 
aluminate located in the low melting point region, 
whereas, the inclusions in slab were transformed 
into MgO-CaO-Al2O3-CaS type. The mean 
composition was located near the 50% liquid region 
and the size increased. It should be noted that the 
composition of inclusions larger than 15 μm was 
similar to those in molten steel, indicating that 
small inclusions could be relatively fully 
transformed while large inclusions could only be 
partially transformed. 
152 
 
 
(a) 
 
(b) 
Figure 1 Composition distribution of inclusions in (a) 
molten steel and (b) slab of pipeline steel 
In order to explain the phenomenon, 
thermodynamic calculation on inclusion 
transformation during solidification and cooling 
was performed using FactSage 7.0, the result is 
shown in Figure 2[20]. As temperature decreases 
below the liquidus temperature, CaS and spinel are 
successively generated. The liquid phase 
disappears at solidus temperature, along with the 
further precipitation of spinel and CaS. The small 
difference between the calculation result and the 
experimental result should be be restricted by 
kinetic conditions. 
 
Figure 2 Phase transformation of inclusions during 
cooling of pipeline steel[20] 
3. Transformation of inclusions during the 
solidification and cooling of tire cord steels 
Tire cord steels refined by slag with basicity 
smaller than 1.0 were produced by the route of 
BOF-LF-CC. Steel samples were taken from the 
tundish and the billet, respectively, and detected 
using Aspex to analyze the inclusions. Figure 3 
shows the composition distribution of inclusions in 
molten steel and billet. In molten steel, the 
inclusions were SiO2–MnO system with average 
content of SiO2 around 50%. While in inclusions of 
billet, the SiO2 content increased and the MnO 
contents decreased obviously. Many inclusions 
presented as dual phase, as shown in Figure 4. 
 
 
(a) 
 
(b) 
Figure 3 Composition distribution of inclusions in (a) 
molten steel and (b) billet of tire cord steel 
 
 
Figure 4 A dual-phase inclusion in billet 
 
In order to explain the inclusion transformation, 
thermodynamic analysis was carried out using 
Factsage, as shown in Figure 5. During the cooling 
of steel SiO2 first precipitates in liquid inclusions. 
Along with the disappearance of liquid inclusions 
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at ~1100 °C, solid phases of SiO2, Mn2Al4Si5O18, 
and CaAl2Si2O8 precipitate. Thus, the existence of 
dual-phase inclusions is well explained. 
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Figure 5 Phase transformation of inclusions during 
cooling of tire cord steel (T.Ca=1 ppm) 
4. Deformability of inclusions in tire cord steel 
The billet used in the previous section was 
hot-rolled into wire rods through a four-pass rolling 
process, and then was cold drawn into wires with 
diameter of 0.2 mm. The aspect ratio of inclusions 
after the first rolling was used to characterize the 
deformability of inclusions during hot rolling.The 
relationship between the high-temperature 
deformability and the ratio of (MgO+Al2O3)/ 
(SiO2+MnO) of inclusions is shown in Figure 6. 
The aspect ratio was roughly increased first and 
then decreased with the increase of 
(MgO+Al2O3)/(SiO2+MnO). 
 
Figure 6 Effect of (MgO+Al2O3)/(SiO2+MnO) on high- 
temperature deformation of inclusions in tire cord steel 
Figure 7 shows the relationship between the 
deformation of inclusions at high temperature and 
the solidus of inclusions as calculated by FactSage. 
There as seen deformation is decreased with the 
increase of the solidus of inclusions. 
However, the cold drawing of tire cord wires is 
usually carried out at room temperature. Thus, it is 
believed that the deformability during drawing will 
no longer have any direct relationship with the 
melting temperature. Young’s modulus is used to 
evaluate the low-temperature deformability of 
inclusions in the current work. 
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Figure 7 Relation between the high-temperature defor- 
mation and the solidus of inclusions in tire cord steel 
The low-temperature Young’s modulus of the oxide 
inclusions can be calculated using the formula 
derived previously[22]. The low- temperature 
Young’s moduli of the oxides of Al2O3-SiO2-MnO 
system were predicted and shown in Figure 8[22]. 
On the basis of the hypothesis that the 
deformability of oxides during cold drawing is 
inversely proportional to Young’s modulus, 
theoretically, the inclusions are proposed to be 
controlled to those with high SiO2 content and 
extremely low Al2O3 content. 
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Figure 8 Young’s modulus distribution of 
Al2O3-SiO2-MnO systems[22] 
 
5. Evolution of inclusions during reheating of 
stainless steel 
18% Cr containing stainless steel was reheated to 
1100 ℃  under Ar atmosphere for different 
holding times, and then quenched in water. The 
inclusions in the samples before and after 
reheating were analyzed using SEM. 
Figure 9[23] shows the morphology of typical 
inclusions during the reheating process. The 
inclusions before reheating were MnO-SiO2-rich 
and spherical. As the heat treatment time increased, 
the inclusions gradually changed to MnO·Cr2O3 
spinel with an angular shape. 
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Figure 9 Morphology of typical inclusions before and 
after reheating at 1100 ℃ for 60 min[23] 
 
Thermodynamic calculation was also carried out to 
explain the inclusion transformation using 
FactSage. Figure 10[23] shows the result. At 
temperature higher than 1350 ℃, the inclusions 
are high MnO-SiO2 containing and liquid. With 
continous decreasing of temperature, MnCr2O4 
spinel will be formed, which agrees with the 
experimental results. 
 
 
Figure 10 Transformation of inclusions in 18Cr-8Ni 
stainless steels during heat treatment[23] 
6. Conclusions 
Inclusions changed significantly during the cooling, 
solidification and reheating processes of different 
steels, which was induced by the newly precipitated 
inclusion phases and supported by thermodynamic 
calculations. The deformation of inclusions in tire 
cord steel was investigated and the relationship 
between the deformability and the composition, 
melting temperature and Young’s modulus of 
inclusions was summarized. 
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Abstract: Precise control of non-metallic inclusions in terms of morphology, number density or composition is 
essential to produce steel products with desired properties. Non-metallic inclusions mostly deteriorate quality of 
steel products by reducing toughness, elongation, impact resistance, corrosion resistance, surface beauty and so on. 
In contrast, particular types of inclusions could be effectively utilized to create fine microstructure through 
providing heterogeneous nucleation sites for ferrite phase and pinning effect against the motion of grain boundary 
during austenite grain coarsening. Since TiN or BN making steel microstructure finer generally forms during 
solidification or even after solidification due to its relatively large solubility in molten or solid steel, initially 
existing oxide inclusions may affect the precipitation behavior of such effective inclusions. In addition, 
non-metallic inclusions may change in terms of their morphology, number density or even composition during 
thermomechanical process after solidification since oxide inclusions formed in motel steel are no more 
thermodynamically stable in solid steel. The present study has focused on the evolution behavior of non-metallic 
inclusions during refining or during heating of Fe-Al-Ti-N alloy. The formation of Al-Ti based oxide or TiN 
inclusions was observed in as-cast and annealed alloys and the reaction mechanism has been discussed. 
 
Keywords: Inclusion control, oxide metallurgy, microstructure evolution, Al-Ti microalloying 
 
1. Introduction 
Titanium-alloyed steels have been widely used for 
various products such as automobile sheets, or 
heavy plates. Titanium forms various types of 
non-metallic inclusions in steels such as oxide, 
nitride, carbide or sulfide. Titanium has a strong 
affinity with oxygen and thus molten steel is often 
deoxidized firstly by adding Al before Ti alloying 
for economical reason. Therefore, Al deoxidation 
and Ti addition is a common process for Ti-alloyed 
steel. 
Some Ti-based inclusions induce fine steel 
microstructure during solidification or heat 
treatment by preventing austenite grain growth and 
assisting finer ferrite microstructure formation[1]. 
Therefore, many studies have been conducted so 
far to clarify various properties and evolution 
mechanisms of inclusions at steelmaking 
temperature. On the contrary, it is well known that 
properties of inclusions in final products are 
significantly different from those observed in 
molten steel or solidified steel slab for some steel 
grades, illustrating that inclusions may change 
during the following thermomechanical process. 
Therefore, the evolution and growth of inclusions 
in solid steel are very important phenomena to 
understand the role of inclusions on the creation of 
steel microstructure. Therefore, many researchers 
have studied the formation of inclusions during 
solidification[2], estimated the effect of inclusions 
on the solidification microstructure[3], and clarified 
the effect of inclusions on the microstructure in 
solid steel during heating[4]. 
Evolution of oxide inclusions in solid Fe-Al-Ti 
alloys during heating has been focused on to 
achieve a deeper understanding of inclusion 
evolution in a simplified metal system in the 
present paper[5,6,7]. 
2. Experimental 
Alloy ingots were produced by melting 100 g 
electrolytic iron in an Al2O3 Tammann tube (O.D. 
30 mm, I.D. 24 mm, height: 150 mm) by an 
induction furnace at 1873 K in Ar or Ar-N2 
atmosphere. After melting, aluminum and titanium 
were added in sequence. After holding the melt, the 
crucible was quenched by water. Compositions of 
obtained specimens were analyzed by ICP-OES for 
soluble Al and Ti, and by combustion analyzer for 
total oxygen, nitrogen and sulfur. A cylindrical 
piece of the alloy (O.D. 24 mm, height: from 13 to 
15 mm) was machined from the produced alloy and 
the piece was encapsulated into a quartz tube 
ampoule (I.D. 8 mm, length 30 mm) at evacuated 
condition as shown in Fig. 1. The ampoule was 
heated at predetermined conditions in an electric 
furnace. As-cast and heated specimens were 
mirror-polished by SiC papers and diamond 
suspensions to analyze by FE-SEM and EDS. For 
microstructure observation, the specimens were 
etched by methanol-5 vol% nitric acid etching 
solution and observed by an optical digital 
microscope. 
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Figure 1 Quartz ampoule containing alloy pieces for 
heating experiment 
3. Results and Discussion 
The inclusion observation area was divided into 
two layers[5]. In the layer near the crucible wall, 
oxides were mainly found while titanium nitrides 
were mainly found inside in both as-cast and heated 
alloys due to the inductive force during the 
preparation of as-cast alloys. Three types of oxide 
inclusions were found near the crucible wall in both 
as-cast and heated alloys as shown in Fig. 2; Al2O3, 
heterogeneous Al2O3-TiOx oxide and homogeneous 
Al2O3-TiOx oxide. 
Al2O3 inclusion was the major oxide inclusion 
formed as deoxidation product after Al addition and 
its morphology was irregular. Compositional 
mapping of heterogeneous inclusion showed dual 
phase of alumina core with Ti rich layer. 
Homogeneous inclusion was found to be dispersed 
in the area apart from Al2O3 inclusion or 
heterogeneous inclusion and mostly spherical. 
Besides dispersed ones, alignment of spherical 
oxides presenting the gradual change from 
relatively bigger to smaller oxides was also 
observed as shown in Fig. 3. Directional alignment 
of inclusions may be created due to the liquid 
nature of inclusion in refining stage (1873 K). The 
different distribution characteristics between 
homogeneous and heterogeneous inclusions in both 
as-cast and heated samples helped us 
observe/analyze the evolution of the same type 
inclusion before and after heating. 
 
Figure 2 Typical distribution of three types of oxide 
inclusions near the crucible wall in as-cast alloy 
 
 
Figure 3 Typical aligned and dispersed inclusions in 
as-cast alloy 
The homogeneous inclusion in cast alloys changed 
to heterogeneous one during heating and this 
behavior was characterized by composition and 
morphology of inclusions. In contrast, the 
heterogeneous inclusion in as-cast alloys 
maintained its heterogeneous nature. 
As the overall changing trend was similar, from 30 
to 40 homogeneous inclusions (heterogeneous after 
heating) were analyzed by EDS randomly in alloys. 
Composition distribution of Al rich, Ti rich part, 
and homogeneous oxides shown in Fig. 4 suggested 
the phase separation of homogeneous inclusion 
during heating process. The observed phase 
separation phenomenon showed wide variation in 
morphology. 
 
 
Figure 4 Variation of inclusion compositions during 
heating of alloy (Fe-0.0497wt%Al-0.0636wt%Ti) at 1573 
K for 0.5 h, projected onto the Al-Ti-O ternary 
composition diagram. 
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4. Conclusions 
Evolution of inclusions composed of Al2O3 and 
TiOx in Al-killed Ti-alloyed alloys during 
isothermal heating was observed. Initial 
homogeneous inclusions in as-cast alloys were 
spherical and those size were less than 1 μm, which 
was smaller than other types of inclusions. Most of 
homogeneous inclusions changed to heterogeneous 
inclusions composed of Al rich phase and Ti rich 
phase by heating, while the initial heterogeneous 
inclusions maintained its morphology. It is 
considered that the phase separation proceeded due 
to the difference in thermodynamically stable phase 
at refining and heating temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References 
1. H. Fujimura, S. Tsuge, Y. Komizo and T. 
Nishizawa: Tetsu-to-Hagane, Vol. 87, 2001, p.707. 
2. S. -C. Park, I. -H. Jung, K. -S. Oh and H.-G. Lee: 
ISIJ International, Vol. 44, 2004, p.1016. 
3. J. H. Park: CALPHAD, Vol. 35, 2011, p.455. 
4. D. Yu, D. P. Dunne, T. Chandra and F. J. Barbaro: 
Materials Transactions, Vol. 37, 1996, p.1554. 
5. W. Choi, H. Matsuura and F. Tsukihashi: ISIJ 
International, Vol. 53, 2013, p.2007. 
6. W. Choi, H. Matsuura and F. Tsukihashi: 
Metallurgical and Materials Transactions B, Vol. 47B, 
2016, p.1851. 
7. M. Li, H. Matsuura and F. Tsukihashi: 
Metallurgical and Materials Transactions B, Vol. 48B, 
2017, p.1915. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
158 
 
 
 
 
 
 
 
 
 
 
 
 
159 
 
FORMING MICRO-BUBBLES IN LIQUID STEEL 
 
Roderick Guthrie and Mihaiela Isac  
McGill Metals Processing Centre, McGill University, Montreal, CANADA 
 (Corresponding author’s e-mail: rod@mmpc.mcgill.ca) 
 
 
Abstract: Gas injection into liquid steel baths is widely practised, ever since the early days of Bessemer’s 
pneumatic steelmaking process. What has not been fully appreciated is the critical role of bubble sizes for 
delivering higher quality commercial steels than is presently possible. Using a full scale water model of a typical 
4 strand Ladle-Tundish-Mold system, we demonstrate the potential advantages of modifying a ladle shroud, so 
as to generate microbubbles within the water flowing into the tundish.  
 
Keywords: Micro-bubbles, full-scale water model tundish, computational fluid dynamics (CFD), Steelmaking.  
 
1. Introduction 
Bubble formation in liquid metal systems is 
typically quite different from that in water, 
owing to much higher surface tensions, and the 
non-wetting conditions between liquid metals 
and the refractory systems used to contain them. 
Thus, when gas is introduced through a 
submerged porous plug into liquid steel, the 
bubbles formed will begin to coalesce on the 
non-wetting refractory surface, and spread across 
it. This large bubble will then continue to grow, 
until the forces of surface tension attaching the 
growing hemisphere to the surface, are overcome 
by the buoyancy force. As such, typical bubbles 
forming on porous plugs are much larger than 
those observed in a water system, and are often 
in the spherical cap regime, versus the spherical, 
or oblate spheroidal regimes for water 
systems[1,2]. However, bubbles forming in a cross 
flow situation is an entirely different matter, 
given stronger shearing flows within the ladle 
shroud. As such, this could be the best place to 
form microbubbles, even though bubbles we 
produced to date, modelling gas injection into 
ladle shrouds, were all rather large[3]. 
Recently, on asking whether microbubbles had 
ever been found in cast steel slabs at TATA 
steel, Ijmuiden, Dr Gert Abbel recalled that 
researchers had indeed observed tiny bubbles in 
their steel castings when characterising the 
performance of their new conventional slab 
caster about twenty years ago[4]. These 
observations are shown in Fig. 1, where it had 
been concluded that tiny bubbles of argon must 
have been responsible.  
Table 1 lists the relevant bubble size 
distributions determined for the five samples 
taken for a Titanium stabilised, ultra low carbon 
steel. The data reveals many microbubbles in the 
50-100 μm size range, plus the odd 500 μm 
bubble, had been detected within the slab’s 
interior.   
 
 
Figure 1 Photograph of just one surface of a 
continuously cast Ti-SULC steel slab, showing 
spherical cavities corresponding to microbubbles. 
Sample sizes 3mm x 40mm x 65mm. 
 
Table 1 Bubble size distributions in a titanium 
stabilised ultra low carbon steel 
 
 
 
Despite this, the conventional wisdom [e.g. ref. 
5] states that bubble sizes entering continuous 
caster moulds are in the 2-4 mm size range and 
rise to the surface. However, no direct 
measurements have yet been possible. The 
presence of these bubbles are assumed to be the 
result of argon flooding of the joints at the 
intersections of the ladle shroud and the tundish 
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nozzle, and/or the SEN’s connection to the 
tundish. Both locations are difficult to seal, on 
account of negative gauge pressures at the joints. 
Nevertheless, there can be no doubt that argon 
protection of the killed liquid steel is essential, in 
order to prevent re-oxidation of the steel, 
accompanied by the formation of millions of 
alumina particles entering the final cast product! 
So, for us, the quest is on! How can we design 
ladle shrouds to produce only microbubbles of a 
selected size range within the ladle shrouds, so as 
to “deep clean” liquid steel?   
2. Water Models 
As a result, the objective for our initial research 
was to gain a quantitative understanding of the 
mechanism of bubble generation under turbulent 
cross-flow conditions in a ladle shroud. Figure 2 
shows a schematic of the initial experimental 
equipment assembled by X.Y.Ren[7] , and used 
for measuring bubble sizes forming during side 
gas injection into his generic ladle shroud 
system.  
 
 
 
Figure 2 Experimental equipment for producing 
bubble streams and measuring bubble sizes. 
  
As seen, a Turbine Water Flow Meter, plus a 
pressure gauge, were attached to the 21mm 
diameter inlet pipe, located upstream of a metal 
nozzle slide gate system. A Thermo Air Flow 
Meter was attached to the gas supply inlet ports, 
in order to prescribe the gas flowrate to the 
preselected nozzle. Three fixed slide gate 
openings could be chosen (Fully Open (100%), 
then 61.9%, and finally 23.8%). The dimensions 
matched the internal dimensions of the 
commercial, 4 strand billet caster, corresponding 
to our full scale water model of the complete 
ladle-tundish-mold system, partially revealed in 
Fig. 3.  
To measure bubble sizes, we used the inclined 
rectangular tank, also depicted in Figure 2. This 
allowed us to accurately observe and measure the 
many instantaneous monolayers of bubbles 
hitting the sidewall, so as to obtain a meaningful 
data set. A total of twelve data sets was needed, 
so as to determine the quantitative effects of the 
following variables; air flowrate, water speed, 
vertical distance of injection orifice below the 
slide gate nozzle, opening ratio of the slide gate 
nozzle, and injection location. i.e. Front, Side, or 
Back of the ladle shroud.  
 
 
 
 
Figure 3 View of water tank containing model tundish 
   
   
 
Figure 4 Two regimes of bubble formation: a) small 
bubbles less than 1mm formed when the water speed 
is high and the air injection rate is low; b) big bubbles 
> 3 mm formed, when the water speed is low and the 
air injection rate is high 
 
Figure 5 Bubble size vs. water inlet speed, for single 
port, gas injection. Orifice size: 0.3mm; Air inlet 
flowrate: 0.04L/min; Slide gate opening ratio: 61.9%; 
Position 1 
 
A professional Digital Single-lens Reflex 
(DLSR) camera, Canon 50D, was used to capture 
bubble images shown in Figs. 4a and 4b.  
Professional photography level LED lights were 
installed on the back of the inclined tank, to 
provide consistent and bright light conditions.  
5mm
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Figure 4a illustrates bubbles forming when the 
water speed is high, and the air flowrate is low, 
while Fig. 4b shows the bubbles forming under 
completely contrasting flow rate conditions. 
Following image processing using Image J, the 
extremely large data sets for each condition 
studied, were statistically analysed, and the 
processed data would then be imported into a 
program called “Origin”. With this system, X. Y. 
Ren was able to summarize his findings in 
figures such as Fig. 5, where graphs of Bubble 
Count vs. Bubble Diameter, for three different 
water speeds, for a specific set of conditions, is 
plotted. The three most important variables 
proved to be; 1) gas flow rate, 2) water speed, 
and 3) distance below the slide gate nozzle. The 
bubble size results are depicted as differently 
sized spheres in Fig. 6, where the ordinate (z) 
records % slide gate opening, the x 
abscissa(coming out of paper) records water inlet 
speed, and the y abscissa (into paper) records 
inlet gas flowrate.  
As seen, a smaller gas flowrate combined with a 
high water speed, and a small % slide gate 
opening, leads to small microbubbles being 
formed. We also see from Fig. 6, that bubbles 
were smaller, the closer they were to the orifice 
plate. With this knowledge, we then moved on to 
investigate the behaviour of microbubbles in the 
full scale water model tundish, fashioning a 
similar gas injection system for it, but with only 
three levels of gas injection ports close to the 
slide gate, as shown in Fig, 7.  
 
 
Figure 6 Distance from the slide gate vs. Bubble size 
0.5mm Orifice size, Front Direction 
 
We used a similar lighting arrangement and a 
submerged inclined transparent plate, so as to 
photograph bubbles impacting on the plate, 
shown in Fig.8, and were able to reproduce 
Ren’s findings. In addition, we were also able to 
correlate the measured sizes of bubbles by 
photography, against those measured using the 
APS III bubble system, based on the ESZ 
(Electric Sensing Zone) principle. Up until about 
800 μm diameter bubbles, the correlation was 
excellent, but began to diverge at higher rising 
velocities. 
 
 
 
Figure 7 Experimental Microbubble dispenser 
. 
 
Figure 8 Photo-measuring system for microbubble 
measurements in the full scale ladle-tundish-mold 
 
This was expected, as some of the larger rising 
bubbles were not drawn into the ESZ, but 
escaped, causing a bias in the correlation. 
Finally, we introduced hollow glass 
microspheres into the ladle shroud, and measured 
the Residual Ratio of Inclusions (Amount of 
Inclusions entering exit ports to moulds/Amount 
of Inclusions entering the tundish) in the 
presence, or not, of microbubbles, using the APS 
II inclusion system. These are not reported here, 
but initial results show that microbubbles floated 
out smaller inclusions that would have otherwise 
have entered the moulds of the continuous 
casting machine. The next experimental tasks are 
to optimise these initial findings, and then to 
analyse the results obtained, mathematically. 
3. Mathematical Models 
Thus, using Fluent 14.5, a three-dimensional 
computational domain was established and 
meshed, using ICEM 14.5, into around 3.6M 
hexahedral volume elements. We used our 288 
core High Performance SGI computer cluster, 
operating at the MMPC, to solve the continuity 
and momentum equations, plus the k-ε equation 
for simulating the effects of turbulence, and the 
particle trajectory equation (so-called DPM) for 
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representing particle (micro-bubble) movements 
within the computed flow system. To take into 
account the effect of turbulence on dispersion of 
microbubbles, the discrete random walk model 
was adopted. Once the steady state flow field 
was established, the bubbles were injected from 
the inlet surface, as the discrete phase. 
Simultaneously, the solution was changed to a 
time-dependent solution, using a fixed time step 
of 1ms. The likelihood of particles becoming 
attached to rising microbubbles was based on the 
probability (P = PcPa (%)) of attachment, as 
determined by Zhang and Taniguchi [6]  
4. Results and Discussion 
Figure 9 shows computational results for bubble 
trajectories for 3mm size bubbles, versus 
0.845mm size bubbles.  
 
Figure 9 Bubble distributions for different sizes: a) 3 
mm in diameter, b) 0.845 mm in diameter. 
 
It is clear that the larger 3mm bubbles will rise 
back to the surface around the incoming jet 
stream. This will disrupt the overlying slag layer, 
and result in re-oxidation of killed steel, 
immediately around the ladle shroud, in keeping 
with previous observations. However, for smaller 
bubbles, of 0.845mm av. diameter, the bubbles 
will spread out, following the liquid flows more 
closely down along the tundish, thereby reducing 
the tendency to form a reverse flow recirculation 
zone around the ladle shroud. In this manner, 
ever smaller microbubbles will become ever 
more dispersed, and will also rise ever more 
slowly towards the surface, causing no 
disturbance to any slag phase above. As noted 
before, this could lead to a step change in the 
quality of steel being sent to the moulds for 
solidification of the refined steel liquid. 
Figure 10 shows the experimental diameters of 
microbubbles obtained in the present work, 
versus those predicted on the basis of a semi-
empirical equation derived by Marshall et al.[9]. 
Their study of bubble formation in the horizontal 
crossflow of water leads to the equation; 
 
Rb  =  0.48 R0.826 (Uair/Uliquid)0.36         (1) 
Where, Uair  = Qair/πR2orifice. 
 
Figure 10. Comparison of experimental bubble sizes 
versus predictions, using equation 1 for the cross flow 
of water in a tube into which gas could be injected. 
As seen, there is practically 1:1 correlation, apart 
from a significant number of bubble sizes 
recorded that were somewhat lower. Perhaps 
smaller bubbles resulted from  subsequent break-
up processes after being formed. It also explains 
our findings that injection distance below the 
slide gate nozzle, leads to larger bubble sizes.  
5. Conclusions 
This work has laid the foundations needed for 
producing, and measuring, microbubble sizes 
and inclusions in liquid metal flow systems of 
interest to the steel industry. The next step in this 
work will be to carry out equivalent flows in 
liquid metal/ceramic or refractory systems, so as 
to confirm, or not, equivalence of results under 
the much higher surface tensions of liquid steel 
systems. Similarly, we need to determine 
whether the tentatively observed benefits in 
removing smaller inclusions <50 μm, but not yet 
reported, can translate into higher quality steels. 
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Abstract: FINEX® was developed to provide the ironmaking sector with the capability to promote operational 
flexibility and to lower environmental pollution.  It has been more than 10 years since the first 1.5 MTPY 
commercial plant began operating at full capacity.  Another 2.0 MTPY plant characterized by slimmer features 
has been in operation since 2014.  The process is especially noted by the advantage in raw material selection by 
using a wide range of iron ores from sinter feed to pellet feed and carbon sources from non-coking coal to 
natural gas. The use of pure oxygen instead of hot blast results in low NOx emissions and thus high CO2 
mitigation potential in combination with CCS&U (carbon capture, storage and utilization).  Low SO2 and dust 
emissions eliminate the necessity for additional environmental facility.  These features enable the FINEX® 
process to be suited to various local conditions. 
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1. Process overview 
Development of FINEX® process was initiated to 
actively respond to the change in size, composition 
and reserves of resources. The process makes it 
possible to produce pig iron directly without any 
pre-treatment of resources at a high temperature. 
FINEX® consists of four unit processes: a multi-
stage fluidized-bed reactor, hot-compacters, coal-
briquetters and a melter-gasifier. 
In the multi-stage fluidized-bed reactor, iron ore 
fines are fluidized and reduced by hot reducing gas. 
The reduction degree of the ore is controlled 
around 60%. Fluxes such as limestone and 
dolomite are also added to the reactor and are 
calcined to desulfurize the reducing gas. Reduced 
iron ores are compacted to so-called Hot 
Compacted Iron or HCI in the hot-compactors. 
HCI is subsequently transported to the melter-
gasifier. Coal fines are agglomerated to briquettes 
using a binder at a room temperature. The coal 
briquettes charged into the melter-gasifier are 
combusted with pure oxygen, providing the 
necessary heat for HCI melting, and also the 
reducing gas to the fluidized-bed reactor. Hot 
metal production is followed by the final reduction 
and melting of HCI taken place in the melter-
gasifier.  
Figure 1 is the schematic for a 2.0MTPA Slim 
FINEX® process. Based on the various operational 
experiences and results obtained from the first 
commercial 1.5MTPA FINEX® which have started 
operation since 2007, the facilities of 2.0MTPA 
FINEX® were slimmed to decrease CAPEX. The 
equipments of HRSG, dry de-dusting and TRT 
additionally installed to the slim FINEX® in 2017 
are contributing to CO2 reduction. 
 
Figure 1 Schematic for Slim FINEX® (including HRSG, 
dry dedusting and TRT) 
2. Raw materials 
Since FINEX® process, unlike the blast furnace, 
designed to be able to use raw materials directly 
has few limitations on their composition and 
characteristics, the process can be easily applied 
anywhere in the world where they are available. 
Moreover, FINEX® can be operated with small 
number of brands of iron ore and coal, it gives 
benefits in terms of supply, transportation, storage 
and usage of raw materials. The flexibilities of 
each raw material are as follows: 
2.1 Reductant 
One of the most prominent features of FINEX® in 
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using coal is that it can be operated with nothing 
but semi-soft coking coal. Hard coking coal were 
used partially in the early stage of the development 
of coal briquettes but only semi-coking coal has 
been used in the operation since 2008. Especially, 
it is advantageous to manage coal because of 
nothing but three brands of coal used to coal 
briquettes. In the case of coal for PCI, the 
endothermic reaction caused by volatile cracking 
of coal is not serious problem in using 100% semi-
coking coal because flame temperature (TF) is 
maintained above 3,000ºC by pure oxygen 
combustion. In 2016, the coke used in small 
quantities in FINEX® was changed to so-called 
“Soft Coke” which is made of only semi-coking 
coal. Recently, the natural gas utilization 
technology has been being developed which is 
applicable to the natural gas production region 
where the natural gas price is low. It is estimated 
that 200Nm3/t-p natural gas can be used. The 
natural gas will be injected through tuyeres or dust 
burners to FINEX®. Figure 2 shows the types of 
coal used currently and those of coal available. 
 
Figure 2 Types of Coal used in FINEX® Process 
2.2 Iron ore 
In the initial plan of the development of FINEX® 
process, it targeted to use high-quality sinter-feed 
produced in Australia or Brazil but the available 
ore types have been expanded by the gradual 
development of the fluidized-bed technology to 
use those with different composition and grain size 
at a lab-scale reactor or at the plant. As shown in 
Figure 3, it is possible to use a typical sinter-feed 
with a form of mixed mineral with general 
hematite, magnetite and goethite. In addition, it 
was confirmed that it is possible to use the ore 
with smaller than sinter-feed, consisting of the 
mixed minerals with hematite and magnetite. 
Furthermore, in the case of the hematite or 
magnetite ore with the average size less than 
100μm, it is not possible to use the ore in the sinter 
plant without any preprocessing but in FINEX® it 
is possible to use the ore directly by mixing with a 
certain amount of sinter-feed. 
It was confirmed that all iron ores mined for hot 
metal production could be applicable to FINEX® 
process based on the actual operation results. 
 
Figure 3 Types of Iron ore used in FINEX® Process 
2.3 Recycling of byproduct 
FINEX® process is able to recycle various types of 
iron-bearing byproducts but there are criteria of 
recyclable materials in the viewpoints of 
composition and size. 
In the viewpoint of the composition, if 
metallization degree of a byproduct is higher than 
80%, it would rather be used in steelmaking 
process. Otherwise, FINEX® can use it directly. 
There are disadvantages of using low metallization 
degree of the byproduct in steelmaking process 
and sintering process, respectively. In the case of 
the former, it gives load on the process. And in the 
case of the latter, metallic Fe of the byproduct 
cannot be used efficiently since it is oxidized with 
roasting in sintering process. FINEX® process has 
an advantage of using the partially reduced 
byproduct because of no high-temperature pre-
process such as sintering process.  
In the viewpoint of the size, byproducts can be 
recycled by following methods. The byproduct 
which is larger than 8mm can be directly charged 
into the melter-gasifier of FINEX®. If the size is 
less than 8mm, the byproduct can be charged into 
the fluidized bed reactor or HCI process. In case 
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small byproduct such as fine dust or sludge of 
which average size is order-of micron, the 
byproduct can be recycled through tuyere injection, 
dust burner injection or briquetting. Figure 4 
shows the schematic for the flow of byproduct 
recycling in FINEX® process. 
 
Figure 4 Byproduct Recycling in FINEX® (Solid line: 
in-use; dot line: developing) 
3. Environmental issues 
Since FINEX® process doesn’t have coke and 
sinter plants, the amount of harmful emissions is 
significantly lower than that of BF. Especially, the 
amount of the inducing substance of acid rain and 
particulate matter such as SOx, NOx, and dusts is 
decreased. Figure 5 shows the emission amounts 
of SOx, NOx and dust from FINEX® are 40%, 
15%, 70% compared with those from the blast 
furnace process. The reasons of decrease in air 
pollutants are: omitting high-temperature 
pretreatment of raw materials; using pure oxygen 
instead of air; removing pollutants by capturing as 
sulfides inside the process. In addition, the 
generation of PM2.5, which is the harmful 
substance to human health, is estimated one-third 
of that of the blast furnace process due to the 
reduction of pollutant emission. 
4. Waste energy recovery 
It has been possible to recover the waste energy of 
the export gas of the fluidized bed reactor in 
2.0MTPA slim FINEX® process since 2017. As 
shown in Figure 6, steam and electricity are 
generated from the sensible heat and pressure of 
the export gas by installation of HRSG (Heat 
Recovery Steam Generator) and TRT (Top gas 
Recovery Turbine). Because there is a dry 
dedusting system between HRSG and TRT, the 
system is removing fine dusts from the export gas 
of the fluidized bed reactor. Compared with the 
existing wet-type dust collector, electricity and 
water consumption can be further reduced, 
contributing to energy saving. In addition, since 
fine dusts from the fluidized-bed reactor can be 
collected in the form of dry dust but not wet 
sludge, a sludge-drying process for recycling is not 
necessary.  
 
Figure 5 Emission comparison of blast furnace route vs. 
FINEX® 
 
 
Figure 6 Waste energy recovery system 
5. CO2 issues 
FINEX® process established the methods to reduce 
CO2 emission directly or indirectly through HRSG, 
dry dedusting and TRT. Besides, direct use of pure 
oxygen and coal makes FINEX® has great 
potential in CO2 reduction. Firstly, due to high 
pressure and high content of CO2 of the export gas, 
FINEX® has an advantage in CCS&U. Secondly, 
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high content of H2 of the gas is good for chemical 
production. In the consequence, as shown in 
Figure 7, FINEX® has advantages to provide 
diverse utilization options of the export gas, 
corresponding to the surrounding environment in 
order to reduce CO2 emission. 
 
Figure 7 Utilization of FINEX® Off Gas (FOG) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6. Conclusions 
FINEX® proposes solutions to the insuperable 
problems of the blast furnace process such as 
resources restriction, byproduct recycling, air 
pollutant emission, energy recovery and CO2 
mitigation in a short period of 10 years after 
commercialization. These flexible and diverse 
features enable the FINEX® process to be suited to 
various local conditions. 
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Abstract: The present article focuses on how the reduction in multilayer bed RHF can be enhanced by tailoring 
pellet shape, size, and bed packing material, internal carbon content and other additives based on experiments at 
1250°C for 20 min. A significant difference in the degree ofreduction is observed layer-wise in the pellet bed 
with the variation in pellet shape, size and bed packing material. Pellets with optimum carbon-to-hematite molar 
ratio (1.66) that is much below the upper limit of stoichiometric carbon required for direct reduction of hematite, 
yielded maximum reduction, better carbon utilization, compressive strength, and productivity for all three 
layers. For high carbon-containing pellets the addition of CaO increased the extent of reduction for all three 
layers significantly up to a certain limit (4 wt-%). A mathematical model developed by us predicted lowest 
thermal efficiency for high carbon containing pellets, which is attributed to wasteful carbon gasification. 
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1. Introduction 
Depletion of high grade ore, generation of 
fines and growing environmental concerns 
have inspired the researchers to look for 
alternative routes of iron making. Several 
alternative routes of iron making based on 
Rotary hearth furnace (RHF) like Fastmet, 
Fastmelt, ITmk3 have emerged that utilise iron 
ore and non-coking coal fines in the form of 
composite pellets for subsequent reduction in a 
RHF and melting in electric arc furnace 
(EAF). Heat and mass transfer becomes 
important when the pellets are reduced in a 
multilayer bed. Subsequently, all the RHF 
based processes operate on single or two 
layers over the hearth that puts limitation on 
productivity. Although several previous 
studies have established the use of composite 
pellets [1-4] but effective use of it in multi-layer 
bed RHF is yet to be comprehended [5-7]. 
Therefore, some fundamental studies are 
required to evaluate the process efficiency 
layer-wise with respect to relevant process 
parameters that influence the heat and mass 
transfer conductance through multilayer bed at 
RHF.     
1. Experimental 
Iron ore (66% iron, -150 µm) and coal powder 
(68% FC, 24% VM and 7% Ash, -150 µm) 
with a small amount of bentonite (3 wt-%) are 
thoroughly mixed in a rotating glass bottle for 
8-10 h. Distilled water is added and pellets of 
different size, shape, and compositions are 
prepared by disc pelletizer. The green pellets 
are air dried for 48 h and subsequently cured at 
200°C for 2 h to remove the physical moisture 
from the pellets.  
 
Figure 1 Pellet arrangement in the crucible 
The dried pellets are packed in three layers in 
separate SiC-graphite (35 wt-% graphite) 
crucibles and are reduced in a laboratory scale 
RHF at 1250°C for 20 min. The arrangement 
of pellets in the crucible is shown in Fig. 1. 
The electrically heated laboratory scale RHF 
used for the present experiments is shown in 
Fig. 2. The RHF has an OD of 1.93 m, ID of 
1.25 m, and height of 0.5 m.  
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Figure 2 Rotary Hearth Furnace at Steel Technology 
Centre, IIT Kharagpur, India 
 
There are six zones in the RHF and average 
temperatures maintained at various zones are 
as follows: Zone 1→ 700ºC; Zone 2→ 
1000ºC; Zone 3→ 1250ºC; Zone 4→ 1250ºC; 
Zone 5→ 1000ºC; Zone 6 → cooling zone. 
Nitrogen gas is used to maintain an inert 
atmosphere to avoid re-oxidation. As the 
pellets come out of the furnace after cooling, 
these are collected layer-wise from the centre 
of the bed for subsequent characterisation and 
analysis.   
Characterization:  Reduced pellets have been 
characterised through weight loss 
measurement, chemical analysis, estimation of 
shrinkage, porosity, and qualitative, 
quantitative phase analysis by XRD, and 
microstructural morphology by SEM.  Finally 
a mathematical model developed in our 
laboratory is also used for kinetic analysis of 
data. 
2. Results & Discussion  
Figure 3 depicts a plot of Degree of reduction 
(DOR) vs Degree of metallization (DOM), 
where a stoichiometric line correlating DOM 
and DOR has also been superimposed on it. 
Obviously the experimental line deviates from 
the stoichiometric line. Experimental line 
represents the best fit line through 
experimental data with a correlation 
coefficient at 94%. Such deviation clearly 
indicates that reduction process is heat and 
mass transfer controlled especially in 
multilayer bed RHF.   
 
 
Figure 3 DOR vs DOM plot from experimental data 
 
Effect of pellet size 
The layer-wise variation of degree of reduction 
with pellet size is depicted in Fig. 4.  It is 
observed that bottom layer overtakes the DOR 
of top layer beyond a certain pellet size 
(13mm). 
 
Figure 4 Layer-wise variation of degree of reduction 
for pellets of different sizes 
With increase in pellet size the specific surface 
area decreases that reduced the DOR at the top 
layer. While bottom layer undergoes a low 
heating rate, especially for bigger size pellets 
that shades heat from the top [6]. Under lower 
heating rate volatile usage become effective 
that might lead to higher extent of reduction [8].   
Effect of pellet shape 
The layer-wise variation of the degree of 
reduction for various shaped pellets with 
varying specific surface area is shown in Fig. 
5.   
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Figure 5 Layer-wise variation of degree of reduction 
of pellets with different specific surface area 
 
It is observed that DOR increases with the 
increase in specific surface area of the pellet in 
the top layer; while it decreases in the bottom 
layer under identical condition. It may be 
attributed to the fact that unlike in the top 
layer, heat at the bottom layer is transmitted 
through the pellet bed that depends on bed 
voidage. Several previous studies indicated 
that bed voidage depends on the shape of the 
pellet and spherical pellets offers the most 
open bed [9,10]. Therefore, enhanced heat 
transfer at the bottom layer coupled with 
higher volatile usage under low heating rate 
leads to higher DOR at the bottom layer for 
bed with spherical pellets.  
 
Effect of bed packing materials 
 
The layer-wise variation of DOR for pellets 
with different bed packing materials is shown 
in Fig. 6.  
 
Figure 6 Layer-wise variation of degree of reduction 
for pellets with different bed packing materials 
 
It is observed that the DOR is higher in the 
pellet bed without any packing material, or 
packed with coal compared to the other beds 
packed with sand and graphite, which is true 
for all layers. Contrary to general conviction it 
is observed that in case of graphite bed the 
reduction is minimum which may be attributed 
to unfavourable heat partitioning between 
graphite and pellet compared to graphite bed 
and the conducting crucible.  This basically 
leads to heat leakage from graphite bed to 
crucible.   
 
Effect of carbon content in the pellet 
The layer-wise variation of the degree of 
reduction with the change in the C/Fe2O3 
molar ratio in pellets is shown in Fig. 7. 
 
Figure 7 Layer-wise variation of DOR for different 
C/Fe2O3 molar ratio in pellets 
 
It is observed that there exists an optimum 
carbon level inside the pellet (C/Fe2O3=1.66) 
at which the reduction becomes maximum and 
it is true for all layers. It is further interesting 
to note that this optimum level of carbon is 
much below that is required stoichiometrically 
to reduce hematite by direct reduction. Lower 
carbon restricts carbon gasification and 
promotes indirect reduction by utilizing the 
CO produced by direct reduction. In extreme 
case, the overall reaction when the product is 
CO2 may be given as Fe2O3 + 1.5C = 2Fe + 1.5 
CO2 and can attain stoichiometric lowest 
C/Fe2O3 molar ratio of 1.5. Our experiment 
also indicates an optimum ratio at 1.66 which 
is very close to 1.5.   
Effect of CaO additives in pellet 
It is observed that DOR passes through a 
maximum at 4% CaO in high carbon 
containing pellet (Fig. 8); while such effect is 
not observed in low carbon containing pellets.   
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Figure 8 Layer-wise variation in DOR with different 
CaO content in high carbon containing pellets 
(C/Fe2O3 molar ratio 3) 
 
The Factsage thermodynamic calculation 
suggests that phases in reduced pellets 
containing 2% CaO could be a mixture of 
silica (SiO2), calcium silicate (CaSiO3), and 
anorthite (CaAl2Si2O8); whereas, calcium 
silicate, anorthite, along with gehlenite could 
be found in in 4% CaO containing pellets and 
calcium silicate, rankinite(Ca3Si2O7), and 
gehlenite in 6% CaO containing pellets. 
Anorthite and rankinite are glassy phases, 
while calcium silicate and gehlenite are 
crystalline. Thus, Factsage analysis 
demonstrates that crystalline phases which are 
favourable for better reducibility of pellets 
become maximum at 4% CaO which is also 
corroborated by SEM analysis (Fig. 9).   
 
 
Figure 9 SEM/EDS analysis of the reduced pellet 
from top layer with the variation in CaO content  (a) 
without CaO, (b) 2% CaO, (c) 4% CaO, and (d) 6% 
CaO 
Data analysis by mathematical model 
Since it was difficult to generate the time 
dependent data in the RHF, a mathematical 
model is developed in our laboratory to 
generate continuous evolution of solid phases 
based on only two date at the input and output 
of RHF.  Such data are utilized to calculate the 
rate parameters, the evolution of solid phases, 
sensible and chemical heat during course of 
reduction and calculate the thermal efficiency 
that is defined as theoretical minimum heat to 
the total predicted heat required as calculated 
by the model.  It was observed that thermal 
efficiency for high carbon containing pellet 
was lower than that of low carbon containing 
pellet indicating wasteful carbon gasification 
reaction.   
3. Conclusion 
Effect of various parameters like composite 
pellet shape, size, internal carbon content, 
additives have been studied on multilayer bed 
reduction at RHF.  An optimum carbon 
content and CaO has been identified for 
maximum reduction.  Layer wise variation of 
the effect of size, shape of the pellet and bed 
packing material have been established.  For 
kinetic analysis a mathematical model has 
been developed and indicated that high carbon 
containing pellet may be less efficient 
thermally.   
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Abstract: Auxiliary fuel injection, waste heat recovery, and high level of automation etc. in the Blast Furnace have 
all made ironmaking technology extremely efficient. However, the increasing concerns like greenhouse emission, 
scarce coking coal & large scale of economy etc have been the driving force for scientists and engineers to develop 
alternate ironmaking technologies. Within alternate ironmaking technologies, both Direct Reduction & Smelting 
Reduction technologies use non-coking coal. These are being developed and adopted, of course, incrementally. The 
need is to develop and then establish these emerging technologies in terms of economy and ecology. There are 
efforts all over the world to use low grade iron ore, non-coking coals, Coal gas. Even coke-less ironmaking is also 
being developed. Application of microwave technology as a major source of energy is also being attempted. These 
emerging technologies will be playing both supplementary and complementary roles to Blast Furnace ironmaking.  
 
Keywords: Ironmaking, blast furnace, alternate ironmaking, greenhouse gases 
 
1. Introduction 
Steel has emerged as a material of choice in 
modern society – from tiny needle to magnificent 
ocean liner. The world has produced around 1628 
million tonnes of crude steel in the year 2016[1]. 
Around 75 % of this was produced through the 
BF-BOF route. In the last 50 years, the steel 
industry has been successful in reducing its energy 
consumption per tonne of steel by around 60% 
with average energy intensity of around 20 GJ/t 
crude steel[1]. Presently, on an average, 1.8 tonnes 
of CO2 are emitted for every tonne of steel 
produced. According to World Steel Agency, the 
iron and steel industry accounts for approximately 
6.7% of total world CO2 emission [1].  
More than 90% of world iron production is 
through Blast Furnace technology – the main 
source of CO2 emission coming from associated 
sinter plant, coke oven and blast furnace itself. In 
the background of these, there have been attempts 
throughout the world to  develop alternate 
ironmaking processes which generate lesser 
amount of greenhouse gases by use of lesser fossil 
fuel like coal and coke, facilitate use of leaner 
ferruginous raw materials,   obviate the need for 
intermediate process steps specially coke 
production. They also need lesser land and water. 
2. Major improvements in BF technology 
The BF process has been gradually evolved and 
refined over a period of three centuries. While the 
basic format of Blast Furnace has remained more 
or less same, but there have been quantum changes 
in the sub-systems of Blast Furnace. Some of the 
most prominent developments have been: 
 Auxiliary fuel injection 
 High Oxygen enrichment of blast 
 Waste heat recovery system 
 High Top Pressure 
 High Hot Blast Temperature 
 High Volume Furnaces 
 Extensive use of probes, automation and 
mathematical model to control the operations, 
etc. 
These developments and their incorporations in 
modern furnaces have resulted into considerable 
benefits in terms of 1] Increase in productivity to a 
level of 3 t/m3/day; 2] Decrease in fuel rate to a 
level of 480 kg/thm; and 3] Increase in campaign 
life to a level of more than 20 years. These 
developments in Blast furnace technology have 
kept the technology as the most preferred option 
for iron production. 
3. Emerging scenario in ironmaking 
While the liquid hot metals from Blast furnace is 
most suitable for BOF steelmaking and scrap for 
Electric Furnaces, there have been attempts to 
develop a suitable iron-bearing feedstock which 
can either partially or largely can replace Hot 
Metal and Scrap. Accordingly, over the years, 
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two possible solutions have emerged as alternate 
ironmaking technologies: 
 Production of Direct Reduced Iron (DRI): 
Non-liquid source of iron  
 Production of Liquid iron (Hot Metal): 
Smelting Reduction Processes 
3.1 DRI production technologies 
DRI, over the years, has emerged as an excellent 
substitute of scrap for Electric Furnaces for 
Steelmaking replacing major percentage of costly 
and scarce steel scrap. DRI has also demonstrated 
its application in Blast furnaces to certain extent. 
DR processes have overcome many of their 
conceptual and engineering problems, and hence 
have been commercialized through the world in a 
big way. World DRI production in 2016 was 64 
mt with India still topping the country-wise list 
with 14.2 mt[1]. Some of the popular processes 
are: SL/RN, MIDREX, ITmk3 etc. DRI processes 
can be categorized in two sub-groups: 
Coal Based Rotary Kiln Processes: Almost 20% 
world steel DRI production is through this route. 
Non-coking coal are used here as source of 
reductant and thermal heat. A schematic diagram 
for a generic coal based reduction process has been 
shown in Figure 1.  
 
 
Figure 1 Schematic diagram for a generic coal 
based reduction process 
 
Gas Based Shaft Reduction: These accounts for 
almost 80 % DRI production. Midrex process 
accounts for almost 60% of total DRI production. 
Reformed natural gas is used as source of 
reductant and thermal heat. A schematic diagram 
for a generic gas based reduction process has been 
shown in Figure 2. 
 
 
 
 
 
 
Figure 2 Schematic diagram for a generic gas based 
reduction process 
 
3.1.1 Major developments trends in DRI 
technologies 
 
Waste heat recovery has become almost the 
integral to rotary kiln process to make the process 
more energy-efficient. Coal gasification based DRI 
plant is also becoming a reality (India: JSP Plant at 
Angul at Odisha)[2]. Disadvantage in conventional 
DRI processes is that the gangue of ore remains 
within it. Kobe Steel has come out with a process 
called ITmk3 which claims to produce iron 
nuggets. A schematic diagram of ITmk3 has been 
shown in Fig 3. 
 
Figure 3 ITmk3 Process: Production of Iron nuggets 
3.2 Smelting reduction (SR) technologies 
A series of smelting Reduction processes have 
been evolved to produce hot metal which can be 
directly used for steelmaking. Some of these 
processes are: COREX, FINEX, HIsmelt etc. 
They use non-coking coal primarily as source of 
reductant and thermal heat. They obviate the need 
for sinter plants and coke ovens. They need 
smaller land/ area. Iron ores fines can be used 
directly (except COREX). Smelting Reduction 
processes can be categorized in two sub-groups: 
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Single Stage SR Processes: In these processes, 
reduction of iron bearing material and its 
subsequent melting takes place in the same vessel. 
Two such processes were developed upto pilot 
stage: HISMELT and ROMELT.   
Two Stage SR Processes: In these processes, 
reduction of iron bearing material takes place in 
one vessel; and melting takes place in second 
vessel. Two such processes have come up to 
commercial stage: COREX and FINEX. Typical 
flow sheets for both COREX and FINEX have 
been shown in Figure 4 and 5 respectively.  
It may be noted that COREX needs iron bearing 
material in lump form, while in FINEX, iron ore 
fines can be used directly. COREX can now 
accommodate both lump iron ore and pellets, but 
certain amount of coke is needed to control the 
volume of gases generated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Schematic diagram of COREX process 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Schematic diagram of FINEX process 
 
 
 
 
 
3.2.1 Major developments trends in smelting 
reduction technologies 
As compared to Blast furnace, the modular 
capacity of SR processes is much less. Modules 
with capacity of 1.5 – 2.0 mtpy are now 
commercially available. COREX has been adopted 
by the industry most as compared to other 
processes. It claims to have around 20% cost 
savings in production[3]. The total production 
capacity installed, including COREX and FINEX, 
has been around 10 mtpy, as against around 1160 
mt of hot metal by Blast furnace: less than even 
1%. Volumetric growth has yet to take off. 
4. Need for paradigm shift in process concept 
in new ironmaking technologies 
One of the major concerns with all existing DR & 
SR processes is that these processes still need coal 
– though con-coking coals as compared to strict 
coking coal norm of Blast furnace. Coal, as such, 
will generate CO2 gas. The need is to develop 
process concepts where either coal is eliminated or 
restricted to its minimal use. While complete 
elimination of coal or any other source of carbon 
for reduction may not be immediately possible 
techno-economically, there have been attempts to 
evolve process concepts where minimal carbon is 
needed for reduction of iron ore, and electricity or 
Microwave technology are being resorted to for 
providing heat. Thus, the emission of Greenhouse 
will come down drastically. Some of the latest 
developments in this direction are given below: 
4.1 IRONARC: A cokeless ironmaking 
process 
This has been developed by ScanArc Plasma 
Technologies and Ovako Steel Hofors, Sweden. It 
is a plasma-based ironmaking process where 
electrical energy is to provide heat. Carbon (steam 
coal/ petro coke/ HC) is required only for 
performing chemical reduction, thus reducing the 
carbon consumption and  CO2 emission by 
50%.Raw materials undergo direct melting, hence 
neither sinter or coke are required[4] . A pilot plant 
of 200 kg capacity has demonstrated the process 
concept. A schematic diagram of IRONARC 
process has been shown in Figure 6. 
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Figure 6 IRONARC: A cokeless ironmaking process 
 
Use of Mircowave for heating the iron ore fines in 
a specially designed chamber is being tried at 
Pradeep Metals Limited at Mumbai, India where it 
is planned to replace coke by coal and bring down 
the consumption by almost 50% since coal will be 
used for reduction purpose only and not for 
supplying the thermal energy for heating the 
system. Microwave promises advantages like 
volumetric & selective heating, energy and cost 
savings, improved product quality, faster 
processing and greater eco-friendliness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusions 
DRI processes have been commercialized 
throughout the world. Among Smelting Reduction 
processes, only COREX has been commercially 
adopted till date at more than one place. FINEX is 
ready for commercialization. ITmk3 process for 
iron nuggets is in the stage of stabilization at 
demonstrated scale. 
Cokeless processes like plasma based IRONARC 
have been tested at pilot plant level only.  
The future of all these emerging ironmaking 
technologies will depend on their engineering 
robustness and scale of operations, the way Blast 
Furnace Technology has evolved and proved itself 
during the three hundred years. Substantial 
reduction in emission of greenhouse gases will be 
added advantages in favour of emerging 
ironmaking technologies. 
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Abstract: Day by day high-grade iron ores are fast depleted; Steel Plant wastes and low-grade iron ores, which are 
not utilized earlier, now they can be utilized by up-gradation and subsequently, would be used for composite pellet 
making. Composite pellet contains mixture of fines of iron bearing oxide and carbonaceous material (coal, coke etc), 
which has been imparted sufficient green strength for subsequent handling by cold bonding technique. The 
composite pellets have become popular and are growing due to faster reduction rate, utilization of fines and 
pollution control. The physical properties of the composite pellets have been evaluated. The reduction kinetics of 
iron ore-coal composite pellets is very complex. Analyses the non-isothermal kinetics data and discussion about the 
mechanism of iron ore - coal composite pellets reduction are also high-lighted in this paper. 
Keywords: Iron ore-coal composite pellets, utilization of fines, non-isothermal kinetics, alternate ironmaking. 
1. Introduction 
India is currently among the top three fastest 
growing economies of the world. The vitality of 
the iron and steel industry largely influences the 
economic status of a country. Iron and steel is the 
crucial materials for industrial development of a 
country. Iron ore and coal are the essential raw-
materials for iron and steel Industry. India is 
fortunate regarding large resources of good quality 
iron ore. The basic reserve of the iron ore is about 
28.52 Billion tonnes (Bt), out of which about 17.88 
Bt of hematite and 10.64 Bt of magnetite ore 
according to estimate by Indian Bureau of 
Mines[1], Nagpur as on 1st April 2010. Indian iron 
ore deposits are soft and friable in nature. About 
57 pct of iron ore production comes in the form of 
fines (including concentrates) during course of 
mining operations itself. At present, most of the 
slimes and mill scales are thrown away as waste 
for land filling and create pollution to the 
environment, which are not desirable. Utilization 
of these fines for extracting metal is of vital 
concern for resource conservation and pollution 
control. 
There has been a tremendous increase in demand 
for steel with the rise in industrial applications in 
the global scenario for industrial development. The 
fast depletion of the high grade on ores and the 
increased demands of the industry put a strong 
focus on assessing the exploitation of lean ores. 
Low grade iron ore is being beneficiated to 
enhance its iron content up to the desired level of 
industrial specification required for the different 
end industrial use[2].  
Coal is the most dominant energy source in India's 
energy scenario. India is the 3rd largest coal 
producing country in the world after China and 
USA[3]. Coal also plays an important role in 
sustainable development. It is the most widely 
used for an essential input to most iron production 
and electricity generation. A coal reserves are 
estimated by Geological Survey of India (GSI) as 
on 1.4.2014 of which the prime coking coals are 
5.31 Bt, and non-coking coals are 266 Bt[4]. Large 
amount of coal fines and coke breezes are 
generated during coal mining and coking of coal 
respectively. By incorporating non-coking coal 
fines in cold bonded iron ore- coal composite 
pellets, the metallurgical coke requirement in the 
blast furnaces can be reduced. Iron ore and coal 
fines can be utilized for extracting metal by 
making cold bonded iron ore- coal composite 
pellets for resource conservation and pollution 
control. 
Sponge iron as well as hot metal production by 
smelting reduction processes are consider as 
alternate routes of ironmaking. Now a day’s these 
processes are very popular on commercially as 
well as technologically. The iron ore- coal 
composite pellets are already used as feed 
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materials in rotary hearth for sponge iron 
production, and that can be used in smelting 
reduction processes. 
2. Composite pellets 
In order to utilize these fines efficiently and 
economically, a novel concept of cold bonding 
technique is developed. In the cold bonding 
concept, the fines of iron bearing oxides and 
carbonaceous materials are mixed with a suitable 
binder and optimum quantity of moisture. The 
mixture is then pelletized into balls of appropriate 
size. In cold bonding process, the composite 
pellets are hardened due to the physico-chemical 
changes of the binder in ambient conditions or at 
slightly elevated temperature (293 to 493 K).  
Interest in iron ore- coal composite pellets has 
grown from the decade of 1980s because of the 
following advantages[5]: 
i) Utilization of cheaper resource such as 
iron bearing fines, coal fines, coke breeze 
etc. and for pollution control, 
ii) Very fast reduction due to intimate contact 
between reductant and oxide particles,  
iii) Reduction in energy consumption, as cold 
bonded composite pellets do not require 
induration,  
iv) Promising prospect for iron making at 
small scale with higher production rate, 
v) Because of their uniform size and 
convenient form, pellets can be 
continuously charged into the furnace 
leading to higher productivity, and 
vi) Consistent product quality as the chemical 
composition of composite pellets (input 
material) does not change. 
2.1 Binders 
The binders selected (by author and co-workers) 
for composite pellet making may be classified into 
three categories:  
i) Inorganic binders: Lime (CaO), Ca(OH)2, 
Slaked lime and fly ash were employed. 
ii) Organic binders: Dextrose, Molasses, and 
Sodium Polyacrylate (SPA) were employed. 
iii) Different combination of inorganic-organic 
binders were employed:  
CaO + Dextrose,  Slaked lime + Dextrose, 
CaO + Slaked lime + Dextrose, Ca(OH)2+ 
Molasses,  
Slaked lime + Molasses, SPA + Slaked lime, 
Fly Ash + Slaked Lime + Molasses etc. 
Selection of binder, Binding mechanism, reduction 
behaviour, kinetic studies and further technicality 
related to composite pellets can be referred 
elsewhere [6-10].   
2.2 Composite pellet preparation 
To select the proper binder, initially iron ore-coal 
composite briquettes were prepared. Binder was 
selected on the basis of briquettes formation and 
strength of briquettes. Mixing of raw materials was 
done properly. Pellets were prepared in batches 
using a disc pelletizer (400 mm diameter) rotating 
at 17 rpm. The green pellets of nearly 12 to 22 mm 
size so formed were exposed to CO2 gas. These 
composite pellets were dried in open atmosphere 
for 24 hours followed by oven drying at a 
temperature of 393 K for 3 hours.  
3. Results for composite pellets 
The compressive strength values of composite 
pellets represent the average of four measured 
values of pellets’ strength. The values varied 
mostly by ±15 pct from the average value of 
sample. For ACP pellets, the maximum and 
minimum strengths of 330 and 212 N per pellet 
were obtained for Fetot/Cfix ratio of 4.0 and 2.5 
respectively. Similarly, for BCP pellets, the 
maximum and minimum strengths of 362 and 240 
N per pellet were obtained for Fetot/Cfix ratio of 4.0 
and 2.5 respectively. 
Results of composite pellet are also shown in 
Table 1[10], the compressive strength values of 
different binder group are acceptable values for 
commercial use (more than 150 N per pellet). Best 
results were obtained in the PVA as binder in form 
of powder (282 N per pellet) as well as in solution 
form (362 N per pellet). PVA powder requires 
agitation operation and more time for faster 
chemical reaction with water. It was observed that 
PVA solution had achieved better result than PVA 
powder as binder for iron ore-coal composite 
pellet. The compressive strength and shatter index 
values of pellet were obtained 216 N per pellet and 
0.84 pct respectively with binder combination fly 
ash (Naroli Power Plant, India), molasses and 
slaked lime. 
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Table 1: Properties of Composite Pellets 
Sr. 
No. 
Binder 
CO2 
gas 
passe
d 
Compressi
ve 
strength* 
(N/pellet) 
Shatter 
Index 
(%) 
1 
Fly Ash-N + 
Slaked Lime + 
Molasses 
Yes 216 0.84 
2 
Fly Ash(II) + 
Slaked Lime + 
Molasses 
Yes 168 0.94 
3 
Fly Ash-N + 
Slaked Lime + 
Molasses 
No 148 1.39 
4 
Fly Ash-W + 
Slaked Lime+ 
Molasses 
No 130 0.44 
5 
Fly Ash(II) + 
Slaked Lime + 
Molasses 
No 156 0.71 
6 
Fly Ash(I) + 
Slaked Lime + 
Molasses 
Yes 130 1.48 
7 
Dextrin + 
Calcium 
Hydroxide 
Yes 126 0.78 
8 
Polyvinyl 
Alcohol (PVA, 
powder) 
No 282 0.0 
9 
Polyvinyl 
Alcohol (PVA, 
solution) 
No 362 0.1 
 
It was observed that the average compressive 
strength of both ACP and BCP composite pellets 
increased with increasing Fetot/Cfix ratio as shown 
in Fig. 1. This may be attributed to the higher ratio 
of iron to carbon as well as more amount of binder 
in pellets. Further, the compressive strength of 
BCP pellets were found higher than ACP pellets 
for corresponding Fetot/Cfix ratio which may be 
attributed to the relatively higher amount of binder 
as well as low porosity. The shatter index values 
were observed decreasing with increasing Fetot/Cfix 
ratio in both ACP and BCP pellets as shown in 
Fig. 2[9].  
It is evident from Fig. 3 that the fraction of 
reduction (F) are higher for BCP pellets than that 
of ACP pellets[8]. This is attributed to high carbon 
and high volatiles content of Bhilai coal (used in 
producing BCP pellets). Sharma[11] reported that 
high volatiles in coal causes more porosity and 
leads to increased degree of reduction. 
4. Composite briquette/pellet for alternate 
ironmaking 
The iron ore-coal composite briquette/pellet have 
become popular as feed materials in rotary hearth 
furnace for sponge iron as well as hot metal 
production by ITmk3, Fastmelt etc. Attemps are 
being made to further improve strength of the 
composites by hot briquetting so that they can be 
charged in low shaft or mini blast furnace[12]. Main 
advantages of using composite briquette/pellet are: 
i) low cost and abundant availability of iron ore 
fines, ii) utilization of waste like mill scale, slimes 
etc; iii) low cost non-coking coal and coal/coke 
fine; and iv) very fast reaction rate. 
 Ghosh[13] had critically reviewed the fundamentals 
of productivity of smelting reduction processes 
(COREX, etc). The overall productivity of the 
process with high post-combustion ratio is about 
less than 5 tonnes/ day/m3. By using composite 
pellets the productivity of the process will be 
approximately double. Dutta and 
Ghosh[14]demonstrated that reduction of iron ore-
coal/char composite pellet is not only by carbon, 
but also significantly by hydrogen. This is 
understood when coal is used as reductant. 
However, this was established even when char is 
used as reductant. Due to presence of H2O, which 
is chemically combined due to cold bonding 
procedure; this H2O and even some CO2 evolved at 
high temperature reacted with carbon to form H2 
and CO (C + H2O/ CO2  H2 + CO), which is 
responsible for a significant fraction of reduction.  
5. Conclusions 
 By producing cold bonded iron ore-coal 
composite briquettes / pellets from iron ore and 
coal fines, utilization of these fines takes place 
for resource conservation as well as to control 
the pollution. Utilization of iron ore and coal 
fines by producing composite briquettes / pellets, 
which are the value added products and turn the 
waste into wealth. 
 The maximum compressive strength values of 
330 and 362 N per pellet, drop strength values of 
74 and 82 numbers, and minimum shatter index 
values of 0.336 and 0.245 % were obtained for 
ACP4 and BCP4 pellets (Fetot/Cfix ratio 4) 
respectively. The pellets with more than 300 N 
per pellet compressive strength, less than 1 % 
shatter index, and porosity above 20 % are 
suitable for commercial applications. 
 Result was obtained in PVA solution (362 N per 
pellet). That is due to gel formation to network. 
By several tests and trials, the fly ash can be 
used with group of binder with slaked lime and 
molasses. That binder group had achieved 
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highest strength value (216 N per pellet) and one 
of lowest shatter index value (0.84%).  
 Fly ash can be used as binder; although fly ash is 
more economical with respect to PVA. Hence, 
fly ash can reduced the pelletization cost of iron 
ore-coal composite pellet. 
 The iron ore-coal composite briquette/pellet 
have become popular as feed materials in rotary 
hearth furnace for sponge iron as well as hot 
metal production by ITmk 3, Fastmelt etc., due 
to low cost and higher reduction rate. 
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Figure 1 Compressive strength vs Fe/C ratio plot for 
pellets 
 
 
Figure 2 Shatter index vs Fe/C ratio plot for pellets 
 
 
 
Figure 3 Comparison of reduction curves 
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Abstract: Some case studies will be highlighted where ArcelorMittal is employing high performance computing 
(HPC) and data-analytics to improve the sustainability of the steelmaking and casting processes by reducing the 
overall material and energy intensities of the steelmaking value chain. A two-pronged approach of creating digital 
twins -- featuring both a first-principles (computational fluid dynamics/CFD, thermomechanics, etc.) and a data-
driven paradigm (using machine learning/artificial intelligence/AI for predictive analytics) -- is being pursued to 
realize simulation driven process development, to ultimately enable process driven product development, as part of 
the current Industry 4.0 revolution. 
 
Keywords: HPC, CFD, thermomechanics, data-analytics, machine learning, steelmaking, casting 
 
1. Introduction 
In recent years, hybrid modeling approaches such 
as a combination of first-principles/physics based 
process modeling (e.g., CFD and 
thermomechanics) and data-driven techniques 
(e.g., multi-variate statistics /soft computing / 
machine learning / AI)  have proved to be 
extremely invaluable at virtually analyzing plant 
processes at full scale and partially eliminating 
costly plant trials by identifying optimum window 
of operation. The principles of transport 
phenomena (fluid flow, heat and mass transfer, 
particle dynamics, etc.) coupled with the 
application of enabling technologies such as high-
performance computing (HPC) and data-analytics 
have made it possible to obtain a deeper insight 
into plant processes and to explore the parameters 
space within a reasonable time-frame. Due to 
length restrictions, this Keynote article will briefly 
highlight some of the simulation-driven process 
improvement efforts at ArcelorMittal (however, 
the accompanying Keynote lecture will include 
more examples involving CFD, thermomechanics 
and data-driven modeling activities targeted at 
improving the product quality and reducing the 
energy and material intensities of the steelmaking 
and casting processes at ArcelorMittal). An 
outlook will be presented at the end to shed some 
lights on how the building blocks for creating 
digital twins of the processes are already available 
(or emerging) for integration with other platforms 
(such as industrial internet of things or IIoT) to 
enable smart manufacturing in the area of 
steelmaking and casting.  
2. Case studies 
2.1 Manufacturability of AHSS via thin slab 
casting route  
Thin slab casting is an attractive route for mass 
production of next generation of advanced high 
strength steels (AHSS). However, a funnel mold 
poses considerable challenges in terms of 
castability of these exotic grades. Proper 
understanding of fluid flow, heat transfer, 
solidification and thermomechanics, in the context 
of high temperature thermophysical and 
mechanical properties of these highly alloyed 
exotic grades, is essential to assess the impact of 
the funnel shape on the stresses in the solidifying 
shell and the resulting shell buckling and airgap 
formation in the funnel mold that may cause 
breakouts and hinder rapid new product 
development activities.  
Figure 1 shows an example of a 3D setup of the 
whole thin slab casting process including the 
funnel mold, rolls and sprays. Figure 2 explains 
thinning of slab cross-section and formation of 
longitudinal depressions that may align along the 
end of the funnel region and along the location of 
the air gaps. Figure 3 shows an example of an 
analysis where a 3D scan of an actual breakout 
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shell was compared with the thermomechanical 
results of the thin slab strand.  
 
 
Figure 1 An example setup for a 3D finite element 
analysis of the solidification and thermomechanical 
behavior of new grades via thin slab casting. It is now 
possible to include all the pertinent physics of the 
casting process in the same simulation (e.g., fluid flow in 
the mold, solidification due to primary and secondary 
cooling, thermal stress in the shell, etc.) 
 
 
 
Figure 2 (Top) Contours of air-gap mapped on the slab 
surface inside a funnel mold showing larger air gap 
formation along the end of the funnel curvature. 
(Bottom) Shape of the thin slab at the mold exit showing 
thinning of cross-section around the areas aligned with 
the air gap formation. These could be the locations for 
possible longitudinal depressions and eventual breakout 
 
These full 3D models allow us to obtain insights 
about the thin slab casting process that are not 
possible to obtain in any other way. Due to the 
large domain size and complexity of these finite 
element models, high performance computing 
(HPC) platforms with hundreds of CPU cores are 
needed to obtain results within a reasonable 
timeframe that is suitable for the time-scale of 
industrial problem solving and in line with 
ArcelorMittal’s goal of accelerating the time-to-
market of new products.  
 
 
Figure 3 (a) Strand surface of a thin slab showing 
longitudinal depressions due to a complex interplay of 
mold taper and thermomechanical behavior of 
solidifying shell inside the funnel mold for a next 
generation AHSS grade. (b) Actual breakout shell 
profile from 3D scanning showing possible longitudinal 
depressions 
 
2.2 Predictive analytics for on-line process 
models and health monitoring of critical 
equipment 
ArcelorMittal is leveraging the power of hybrid 
modeling approach – application of both physics 
based models (offline) and reduced order data-
driven predictive models (online) – to realize 
simulation driven process developments, to 
ultimately enable process driven product 
developments.  
Starting from simple multivariate statistical models 
to sophisticated machine learning/artificial 
intelligence (AI) models, various strategies are 
being employed on large amount of real-time 
sensor data from steelmaking and casting 
processes to obtain analytics (descriptive, 
predictive and prescriptive) to power various 
advisory systems on the shop floor. Figure 4 
demonstrates one such example from a 
steelmaking basic oxygen furnace (BOF), where 
next generation lightmeters and other sensors are 
being employed for real-time prediction of process 
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variables (e.g., bath carbon and temperature). 
Figure 5 shows a screenshot from a real-time 
advisory system for endpoint control (EPC) in a 
BOF.  This system was developed to predict both 
bath carbon and temperature of a basic oxygen 
furnace (BOF) based on a number of online 
sensors such as a lightmeter, flame pyrometer, off-
gas thermocouple and draft sensor at the BOF 
hood, etc. Figure 6 provides performance data of 
the above predictive model over few years, and 
shows that a tighter control could be achieved on 
the process by using this predictive model. 
Moreover, as shown in Table 1, the average reblow 
rate could be reduced by about 50% when a BOF 
was equipped with the EPC advisory system.  
Health monitoring of critical production equipment 
such as a continuous caster is of paramount 
importance to maintain reliability and increase 
productivity by reducing un-planned turn arounds 
(UPTA). However, to realize such a monitoring 
system, installation and integration of hundreds of 
connected sensors (IoT devices) and a large data 
storage platform (either in on-premises data 
warehouses/edge or in the cloud) for high velocity 
data ingestion (big-data) is a prerequisite. An 
analytics platform then could be built on top of this 
infrastructure to monitor any process or critical 
equipment. Figure 7 demonstrates the idea of the 
health monitoring of a continuous caster based on 
data from hundreds of connected sensors/IoT 
devices. Figure 8 shows an example of event 
detection (i.e., gouging of slabs due to bearing 
failure of drive rolls) using intelligent data 
analytics.  
 
 
Figure 4 A next generation lightmeter sensor with 
pyrometer mounted on top to sense the thermal 
information of the visible BOF flame for bath carbon 
and temperature prediction 
 
 
 
3. Outlook 
Component level simulations have been used so 
far to obtain deeper insights and develop better 
processes to improve the “bottom line”. However, 
with the advent of high performance computing 
(HPC) and convergence of other enabling 
technologies (big data, IIoT, machine learning/AI 
algorithms, etc.), the time is ripe now to integrate 
system-level simulations with data from all sources 
(component level validated simulation data, real-
time sensor/IoT data, prediction data based on 
hybrid models, offline measurement data, etc.) to 
create digital twins to better operate manufacturing 
processes to improve the “top line”.  
 
Figure 5 Screenshot of the HMI of a BOF advisory 
system that guides operators about when to tap a heat 
based on the prediction of bath carbon and temperature 
 
 
Figure 6 Yearly evolution of standard deviation of bath 
carbon based on average monthly data since endpoint 
control (EPC) model implementation 
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Table 1 Comparison of average re-blow rates between 
BOFs with an EPC model vs. without an EPC model 
 
 
 
Figure 7 The concept of health monitoring of critical 
production equipment (e.g., a continuous caster) via 
data analytics of a large number of signals from 
sensors/IoT devices. Hidden patterns in the data could 
be used to prevent catastrophic failures 
 
Figure 8 (a) Picture of the surface of a gouged slab due 
to drive roll bearing failure. (b) Drive roll bearing issues 
could be detected well in advance by monitoring any 
surge in drive roll motor current consumption during 
periods of idling (e.g., during sequence start or end 
periods when there is no slab inside the strand or no 
load on the drive motors) 
A digital twin is a dynamic digital representation 
(replica) of a critical process equipment (e.g. a 
continuous casting mold) that enables operators to 
better understand and predict the performance of 
their process in real-time (e.g., to answer questions 
such as: will a combination of given process 
parameters produce the best quality slabs? what is 
the expected quality of the current slab being 
produced?). Figure 9, as reproduced from 
reference [1], shows the opportunities offered by 
digital twins, where the building blocks of 
realizing such a system are already available or 
emerging. Digital twins will play a central role in 
realizing the Smart Manufacturing (SM)§  
objectives as outlined in the SM roadmap by the 
Clean Energy Smart Manufacturing Innovation 
Institute (CESMII)[2]. It is the firm belief of the 
author that convergence of technologies in the 
form of digital twins will usher in the Industry 4.0 
revolution in the area of steelmaking and casting, 
and democratize modeling and simulation by 
enabling access to sophisticated models for 
everyone involved in the production of steel.   
 
 
Figure 9 Opportunities offered by a digital twin[1] 
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Abstract: The stringent demand for steel products with enhanced properties and better quality has encouraged 
process engineers to developed sophisticated tools for the diagnosis, optimization and control of the ladle and 
tundish operations. Physical and mathematical modelling has become a powerful tool to assist in the 
visualization of complex phenomena occurring inside the steelmaking reactors. In this paper the most recent 
fundamental and applied research carried out by the authors is presented, on the solution of specific industrial 
efforts on ladle and tundish metallurgy using this tool.   
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1. Introduction  
The physical and mathematical modelling of 
steelmaking processes is a powerful tool used 
extensively for the design, diagnosis, 
optimization and control of the process 
operations. The quantitative representation of the 
steelmaking operations is of great assistance for 
the diagnosis and understanding the dominant 
phenomena of the process; given the basis for its 
optimization and control.  
Molten steel contains a great amount of non-
metallic inclusions, which could come from re-
oxidation phenomena, refractory erosion, slag 
carry over, slag emulsification, among others. In 
this paper the recent fundamental and applied 
research is presented, for the solution of specific 
industrial efforts on refractory erosion, slag 
emulsification and slag aperture in ladle and 
tundish operations using this tool. 
2. Model development 
A mathematical model was developed for the 
analysis of the governing variables behaviour 
during the process operations.  The model 
comprises the fundamental continuity and 
momentum equations, together with the standard 
turbulence model (k-) and the multiphase model 
(VOF) for the surface tracking at the interfaces 
of the immiscible fluids. Also, it was required 
some considerations: Non-slipping conditions in 
all walls are assumed, the free surface is open to 
the atmosphere; the governing equations are 
discretized using the segregated method with 
implicit formulation. A first order upwind 
scheme is established for the k, ε and momentum 
equations; a Body Force Weighted (BFW) for 
the pressure.  Finally, a convergence criterion 
was taken when the residuals reach values of 
1x10-4. 
In parallel form, analogue physical models were 
constructed for the ladle and the tundish; the 
designs were based on the Froude similarity 
criteria and were made of Perspex. Tap water 
was used as working fluid, since its kinematic 
viscosity is quite similar to that of molten steel at 
1600°C. Compressed air was used to simulate 
the argon bubbling and a colorant tracer was 
injected as a pulse to visualise the flow patterns, 
the trials were video recorded with high speed 
cameras for further analysis.  
3. Physical and Mathematical modelling 
The results of industrial efforts on refractory 
erosion, slag emulsification and dragging, and 
inclusion removal are presented in following 
section to illustrate the application of modelling 
in the search of enhancement of ladle and 
tundish operations. 
3.1 Refractory erosion in the ladle and 
tundish  
Problems related to excessive refractory erosion 
are found frequently during ladle and tundish 
operations. Modelling can be used for the 
diagnosis of hot spots and excessive refractory 
wear during argon injection in the ladle. First, a 
fluid dynamic analysis is carried out, considering 
the operational conditions, using one porous 
plug. Then, a modification of the original 
configuration was proposed, considering a 
second plug with the restriction that the original 
plug had to conserve its location. 
The analysis is made based on velocity profiles, 
friction coefficients on the ladle wall and slag 
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layer aperture. The results show that using a 
second plug the fludynamics behaviour is 
improved inducing a better agitation with the 
same gas flow but divided into two plugs. Also, 
the wear zones are reduced by half, see Fig. 1. 
Furthermore, the slag layer aperture is also 
reduced, see Fig. 2; decreasing the molten steel 
contact with the atmosphere.  
 
 
 
 
The results indicate that for argon bubbling 
operations using two plugs the mixing operation 
is improved and the excessive refractory wear is 
reduced. The mathematical model was validated 
against the water model showing similar flow 
patterns, bubble formation and slag opening area, 
as can be seen in Fig. 2. The new two plugs 
configuration was set up in the ladle and the 
refractory wall thickness was reduced without 
any hot spots [1]. 
In the case of the tundish, the hotpots and 
refractory erosion were found at the steel entry 
zone. The mathematical model was used to 
examine the problem of excessive wear, for this 
three configurations were studied: the original 
design, the implementation of an impact box and 
the use of a turbulence inhibitor. The analysis 
was carried out by drawing velocity profiles at 
the bath level and at a plane behind the ladle 
shroud, close to the wear zone. 
 
  
 
Fig. 3 shows that the original configuration 
promotes two flow currents, impacting the 
backward tundish walls at the entry zone. One of 
these currents is a recirculation at the bath level, 
concentrating the steel movement at the wear 
zone. The other one is an ascending current 
coming directly from the steel entry, originated 
by the confined entry zone. Employing an impact 
box, the intensity of the flow patterns was 
reduced; however, the excessive wear problem 
persisted. For this, a turbulence inhibitor had to 
be implemented and the detrimental flows were 
eradicated, inducing a better thermal 
homogenization at the tundish outlets.  
 
 
 
 
At the same time, wall friction coefficients were 
calculated. Fig. 4 show the zones with higher 
refractory wear; it can be seen, that for the 
original configuration a strong wall friction is 
promoted, taken as the main responsible of the 
tundish erosion.  Employing the impact box, the 
friction at the bottom and the tundish walls is 
reduced considerably; however, the refractory 
Figure 4 Wall skin friction coefficient contours at 
the tundish walls, a) Impact plate, b) Impact box, 
c) Inhibitor, and [d), e)]Real tundish wall erosion 
Figure 3 Velocity vectors at the bath level and at the 
wear zone behind the ladle shroud, [a), d)] Impact 
plate, [b), e)] Impact box, and [c), f)] Turbulence 
Inhibitor 
 
Figure 2 Slag layer opening view for the physical 
and mathematical modelling 
Figure 1 Wall skin friction coefficient contours 
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wear persisted due to the remain of high frictions 
zones. Finally, placing a turbulence inhibitor 
solved the tundish wear problem; the wall 
friction was reduced by ten times.  
3.2 Steel cleanliness operations in the tundish 
In the pursuit to produce enhanced quality and 
cleaner steel, the tundish has become a very 
important reactor for inclusion removal and to 
avoid slag contamination by dragging or 
emulsification during the transient periods. A 
general approach has been the use of flow 
control devises and to increase the tundish 
volume by raising the walls and therefore the 
depth of the steel bath extending the mean 
residence time, giving opportunity to the 
inclusions to reach the free surface. However, 
not always the results are as expected and in 
some cases are adverse and unfavourable, since 
other phenomena can be developed, like vortexes 
or short circuits dragging inclusion and slag 
towards the tundish outlets. 
For this reason, modelling was used to diagnose 
and sense the complications during the operation. 
The analysis was performed by tracer images, 
velocity profiles at the steel bath level and at the 
longitudinal plane at the tundish centre. Finally, 
an inclusion removal analysis was carried out to 
measure the consequence of increasing the 
tundish volume and the bath depth. Using the 
water model, the presence of a vortex was 
visualized in the original 30 Tons volume 
tundish; the vortex did not develop up to the 
outlet and therefore did not drag any slag. 
However, increasing the tundish volume to 40 
Tons, the vortex was fully developed in all cases 
reaching the tundish outlet and dragging slag 
towards the strand, as shown in Fig. 5 [2]. 
 
 
In order to understand this phenomenon in detail 
the mathematical model was used. Velocity profiles 
show that the vortex change its location as the 
volume increased, and for volumes over 30 Tons it 
was fully developed reaching the tundish outlet, as 
seen in Fig. 6. At the same time, it was visualised a 
further deleterious phenomena known as short 
circuit, this can be seen in Fig. 7.   
 
 
 
 
 
 
Finally, it was determined by the inclusion 
removal analysis that the co-existence of these 
two detrimental phenomena was the causative of 
steel contamination and the increase of the non-
metallic inclusions in the final product, being the 
short circuit the most harmful [3-5]. 
Searching to transform the tundish into a refiner 
reactor and to avoid contamination of the molten 
steel with slag drops is important to study the 
emulsification phenomena during the transient 
periods, such the start of a casting heat or a ladle 
change-over. For this, modelling was used to 
study the origin of this phenomenon; Fig. 8 
shows the images recorded from the physical and 
mathematical models, where it can be seen that 
the slag dragging is on going from the start of the 
ladle change-over. As the bath level rises the 
emulsification is more intense, until the tundish 
gets the normal level. This figure also shows that 
Figure 7 Velocity profiles at the longitudinal plane 
for different tundish bath levels 
 
Figure 6 Mathematical modelling of the vortex 
formation at different tundish bath levels, upper 
view 
Figure 5 Physical modelling of the vortex 
formation at different tundish bath levels 
 
186 
 
the mathematical model predicts satisfactorily 
the presence and evolution of the phenomenon. 
For further analysis, velocity profiles were taken 
in a longitudinal plane a the tundish centre and at 
the bath level, shown at Fig. 9, showing strong 
recirculation close to the ladle shroud promoting 
the aperture of the slag layer, with a tendency to 
push the slag towards the interior of the bath, in 
this way the emulsification starts. In order to 
determine whether the recirculation form 
vortices, path lines were drawn at that locations, 
see Fig. 10, it is evident that vortexes are formed 
and are maintained at all levels.  
 
 
 
 
 
It can be determined that the emulsification starts 
due to the effect of the strong recirculation at the 
interior of the bath close to the ladle shroud, and 
is maintained by the vortex formation 
introducing slag constantly to the interior of the 
bath. Therefore, in order to avoid or reduce this 
phenomenon, it is imperative that the steel flow 
delivered by the ladle shroud enters the tundish 
with a low kinetic energy. This can reduce the 
intensity of the phenomena, and diminish the 
slag emulsification in the bath [6-7].  
4. Final remark  
The application of physical and mathematical 
modelling to enhance ladle and tundish 
operations provides great benefits at relative low 
cost as shown in this work.  
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Abstract: Large ladles typically employ two injection elements. This configuration requires the definition of the 
radial position, its separation angle and the gas flow rate in each nozzle. In the past, most of the research 
conducted with two nozzles has employed a symmetric arrangement in the radial position of the injection 
elements. This work compares mixing time for symmetric and non-symmetric radial positions as a function of 
gas flow rate, nozzle separation angle and slag thickness. In some cases the non-symmetric arrangement 
provides better mixing efficiency. 
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1. Introduction 
Nakanishi et al.[1] introduced the concept of 
mixing time in metallurgical systems in 1975. 
Their work attributed that mixing time was a 
function of only one variable: the gas flow rate. 
In more than 40 years of research, our knowledge 
on mixing time in metallurgical ladles has been 
extended thanks to the contributions made by R. 
Guthrie, D. Mazumdar, M. Iguchi, T. Usui, M. 
Sano, etc. In a recent review,[2] the author has 
described the effect of a large number of 
variables on mixing time. This work indicates 
that at low gas flow rates a large number of 
variables affect mixing time but at large gas flow 
rates, mixing time is controlled primarily by the 
gas flow rate.  
Gas injection in large industrial ladles, more than 
150-200 tonnes, is usually carried out with two 
porous plugs. The research work from the past on 
physical and mathematical modeling with this 
system has been done injecting equal amounts of 
gas flow rates in each nozzle and also 
maintaining symmetry in the radial position of 
the injection elements. A symmetric radial 
position with two injection elements implies that 
if one nozzle is located at a position XR, where R 
represents the radius of the ladle and X is a 
fraction, the other nozzle is located in a position 
with a similar value X for the fraction of the 
radius. Haiyan et al.[3] reported some 
improvements on mixing efficiency by injecting 
different gas flow rates in each nozzle.  
Chattopadhyay et al.[4] also reported some 
improvements on mixing time using a non-
symmetric radial position. In this case, the 
experimental wok included two nozzles with 
three separation angles (90º, 135º and 180º), 
three nozzle radial positions (0.25R, 0.5R and 
0.75R) and a slag-free system. They employed a 
homogenization criterion of 99%. They reported 
that the shortest mixing time depends on the gas 
flow rate, nozzle radial position and separation 
angle; at low gas flow rates a non-symmetric 
radial position is more efficient. At high gas flow 
rates the symmetric and non-symmetric position 
give similar results. Optimum values were 
reported for the non-symmetric radial position of 
0.75R/0.25R and a separation angle of 135º. 
The motivation of this work is the lack of 
information comparing the symmetric and non-
symmetric radial positions in the presence of a 
top slag layer. Physical modeling results without 
the presence of the slag layer do not correspond 
with the real industrial case. The slag layer has a 
large effect on mixing phenomena.[5,6] 
2. Experimental work 
A physical model was built applying the 
similarity criteria. Based on the dimensions of 
the prototype, an acrylic vessel was made, using 
a geometric scale ratio of 1:8, as shown in Table 
1. The gas flow rate in the water model was 
computed applying similarity of the modified 
Froude number between model and prototype, 
defined by the following relationship: 
                                  Q
m
= ƛ2.5Q
fs
                             (1) 
Where: Qm is the gas flow rate for the water 
model, Qfs is the gas flow rate in the prototype 
and ƛ  is the geometric scale factor. The oil 
thickness was 0 and 2%. This value represents 
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the ratio between the thickness of the oil layer 
and the height of liquid water in the water model.  
The tracer employed was an aqueous solution 
saturated with KCl. A clear concentration signal 
was obtained using a volume of 3.5 ml in each 
experiment. It was also found that changes in 
temperature affect the saturation concentration. 
The aqueous solution is prepared based on the 
experimental data reported by Pinho and 
Macedo[7] and summarized in the following 
relationship: 
                            MKCl = 0.13 T + 23               (2) 
Where: MKcl is the saturation concentration in 
grams/100 ml of water and T is the temperature 
in ºC. 
The electric conductivity is measured using an 
apparatus OAKTON model CON 110. The tip of 
the sensor is placed 10 mm from the bottom and 
keeping the longest separation from the nozzles. 
This position was estimated as a dead zone and 
therefore a more realistic value of mixing time. 
The addition of KCl in each experiment increases 
the electric conductivity from 30-50 μS. A total 
of 30-40 experiments are made before reaching 
the upper value of 2000 μS in the scale of the 
apparatus and then the need to change the water 
from the vessel. The effect of an increasing 
amount of tracer concentration in the water 
model can change the density of the water. The 
density of water saturated with KCl is higher 
than tap water, 1162.3 and 998.21 kg/m3, 
respectively, however the maximum 
concentration change after 30 experiments is in 
the order of 1.5%. From an experimental 
viewpoint and for the same experimental 
conditions, mixing time is highly sensitive to 
changes in the properties of the whole system, 
therefore if the added tracer has a significant 
effect on the properties of the water is was not 
observed in our experiments; the change caused 
by the accumulative tracer concentration yields 
similar results, i.e. the standard deviation is 
within 3%. 
The oil employed was a commercial motor oil, 
Quaker state 25W-50. Measured values on 
density and dynamic viscosity at room 
temperature were: 760 kg/m3 and 480 cP, 
respectively. 
The gas flow rate was controlled using mass flow 
meters, manufactured by Cole palmer, one for 
each nozzle. The pressure difference between the 
gas exit at the compressor and the inlet at the gas 
flow meter was adjusted to 30 psi to maintain a 
smooth gas flow rate.Due to the stochastic nature 
of bubble formation and bubble collisions, 
mixing time is measured several times to obtain 
an average value in each experimental set of 
variables. If the standard deviation of the 
experiments is in the order of 3%, the number of 
replicas is 5. At higher gas flow rates due to slag 
emulsification problems the number of replicas is 
increased.  
Table 1 Ladle Dimensions and Experimental variables 
 Prototype Water Model 
Liquid height (H), mm 3130.8 391 
Diameter (D), mm 2673.55 335 
H/D ratio  1.16 1.16 
Number of nozzles 2 2 
Nozzle diameter (dn), mm  120 3 
Top slag (oil) thickness, 
mm 
2 pct. 0, 7.8 
Gas flow rate, (Q), Nl/min 100 to 450 0.5, 1.7, 4, 6 
Nozzle radial position (r/R)  0.7 0.3, 0.5, 0.7 
Separation angle 180º 45º,60º,90º, 
135º, 180º 
Symmetric radial position  0.7R 0.3R, 0.5R, 
0.7R 
No-Symmetric radial 
position  
- 0.3/0.5, 0.3/0.7, 
0.5/0.7 
The whole experimental work consisted of 
experiments on mixing time with and without a 
top oil layer, in each case five separation angles 
were investigated (45º, 60º, 90º, 135º and 180º). 
In each separation angle three nozzle radial 
positions were symmetric (0.3R, 0.5R and 0.7R) 
and three non-symmetric (0.3/0.5, 0.3/0.7, 
0.5/0.7). The total number of experiments was 
about 1000.The experimental set up is shown in 
Fig. 1.  
 
Figure 1 Experimental set up 
 
3. Results and analysis 
Mixing efficiency is commonly expressed in 
terms of mixing time for the primary phase. The 
mixing time for the oil layer has never been 
reported due to its small volume. In the following 
results mixing time is based on the criteria of 
95% homogenization. The results comprise two 
general cases, without the top oil layer and with 
an oil layer whose thickness is 2%. In order to 
simplify the large amount of information, the 
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summary of results for one particular angle and 
the two radial positions (symmetric and non-
symmetric) are reported in this paper. 
3.1. Mixing time without a top oil layer 
 
Fig. 2 summarizes the results on mixing time for 
the following gas injection conditions; gas flow 
rate from 0.5 to 6 Nl/min, two nozzles with a 
separation angle of 45 degrees, symmetric nozzle 
radial positions (0.3R, 0.5R and 0.7R), oil-free 
system, nozzle diameter of 3 mm and tracer 
addition on the center of one of the spouts. The 
standard deviation shown is less than 3%. In 
order to get this value it has been found that 
small changes in the procedure of addition, 
constant tracer concentration and other aspects of 
the measurement process have a strong effect on 
the standard deviation. These results indicate that 
mixing time follows the well-known exponential 
relationship with gas flow rate. At low gas flow 
rates mixing time largely increases. At high gas 
flow rates mixing time also largely decreases. In 
general it is also found that moving the nozzle 
radial position from the center to the ladle walls 
contribute to enhance mixing efficiency. For the 
current experimental symmetric conditions, the 
optimum nozzle radial position is 0.7R.  
Previous research has also suggested that off-
center nozzle radial position improves mixing 
efficiency in the bulk liquid phase. Joo and 
Guthrie[8] explained this behavior due to an 
increase in angular momentum when the nozzle 
is moved away from the center to half radius. 
The effect of the asymmetric nozzle radial 
position on mixing time is shown in Fig. 3. The 
differences between the three cases, relative to 
the symmetric case, are smaller, in addition to 
this, at high gas flow rates the dominant variable 
on mixing time is the gas flow rate, in other 
words, at high gas flow rates any change in the 
injection conditions is negligible, compared to 
the effect of gas flow rate. However, in the entire 
rage of gas flow rates, two non-symmetric radial 
positions 0.3R/0.7R and 0.5R/0.7R yield similar 
and shortest values on mixing time. Notice that 
both involve a nozzle radial position at 0.7R. The 
shortest mixing time for every separation angle 
without a top oil layer was compared and chosen 
to analyze the effect of the oil layer. In the case 
of a separation angle of 45º, the optimum value 
was a symmetric nozzle radial position at 0.7R.  
 
 
Figure 2 Mixing time as a function of gas flow rate for 
a separation angle of 45º, without a top slag layer and 
symmetric nozzle radial positions 
 
 
Figure 3 Mixing time as a function of gas flow rate for 
a separation angle of 45º, without a top slag layer and 
Non-symmetric nozzle radial positions 
Figure 4 compares the best mixing efficiency 
reported for every separation angle without an oil 
layer.  The results are quite interesting; (i) For 
the smallest separation angles investigated (45º 
and 60º) a symmetric nozzle radial position yield 
shorter mixing times, on the contrary, for larger 
separation angles (90º to 180ºC), the non-
symmetric nozzle radial position provides shorter 
mixing times, (ii) At low gas flow rates, the 
separation angle and the nozzle radial position 
have an important effect on mixing time, 
however this effect can be neglected at medium 
and high gas flow rates, specially at high gas 
flow rates because at high gas flow rates it is the 
main parameter defining mixing efficiency, (iii) 
All the optimum nozzle radial positions 
identified in this work, wither symmetric or non-
symmetric, always include one nozzle located in 
a position 0.7R, (iv) Without a top layer, the 
configuration providing the best mixing 
efficiency is with a separation angle of 45º and a 
symmetric nozzle  position at 0.7R. 
190 
 
 
Figure 4 Best mixing efficiency for symmetric and 
non-symmetric nozzle radial positions without a top 
oil layer 
3.1. Mixing time with a top oil layer 
The presence of a top oil layer introduces 
important changes to the flow pattern; (i) mixing 
time increases because of the additional energy 
to mix the viscous top layer and the break up of 
this layer to form the spout, (ii) the gas flow rate 
is no longer the dominant parameter on mixing 
time at high gas flow rates.  
Fig. 5 shows results on mixing time as a function 
of gas flow rate, nozzle separation angle and 
nozzle radial position (symmetric and non-
symmetric). In the presence of a top oil layer, at 
low gas flow rate the separation angle of 45 and a 
symmetric nozzle radial position of 0.7R yield 
the shortest mixing time, however at high gas 
flow rates a separation angle of 90º with a non-
symmetric radial position 0.5R/0.7R provides a 
slightly better mixing efficiency. 
In this work it has been found that the best 
mixing efficiency with and without a top oil layer 
are different, not only in terms of separation 
angle but also in terms of nozzle radial position. 
Without a top slag layer the separation angle was 
45º at all gas flow rates and with the top oil layer 
the same configuration is also efficient at low gas 
flow rates but at high gas glow rates the 
separation angle of 90º with a non-symmetric 
nozzle radial position provides better mixing 
conditions. However, this separation angle is 
inefficient at low gas flow rates. At high gas flow 
rates mixing time for the 90º case is 10 seconds 
and for the 45º case is 15 seconds, a difference of 
5 seconds, but at low gas flow rates there is a 
much bigger difference of 75 seconds. Due to the 
natural limitations to change separation angle and 
nozzle radial position in the current practice, the 
global conditions that provide better mixing 
efficiency are identified for a separation angle of 
45º and a symmetric nozzle position of 0.7R.  
 
 
Figure 5 Best mixing efficiency for symmetric and 
non-symmetric nozzle radial positions with a top oil 
layer 
4. Conclusion 
The effect of nozzle arrangement symmetry with 
two porous plugs, nozzle separation angle, gas 
flow rate and slag thickness on mixing time of 
the primary phase was investigated in this work 
using a water model. Non-symmetric conditions 
improve mixing time in the presence of a top slag 
layer, however, due to overall improved mixing 
conditions both at low and high flow rates, the 
optimum conditions have been identified for a 
separation angle of 451 and a nozzle radial 
position of 0.7R. 
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Abstract: The importance of initial solidification of molten steel in continuous casting mold has been widely 
acknowledged; as it is the origin of solidified shell growth and determines the surface quality of strand. Initial 
solidification behavior happens in the meniscus area, including stress and strain state of shell, heat transfer 
between mold and shell, solute segregation of shell, fluid flow of molten steel, infiltration and entrapment of 
molten slag, entrapment of bubbles and inclusion in shell. Extensive past work has been conducted to study the 
initial solidification of molten steel in continuous casting mold, and is summarized in this paper, which can help to 
provide direction for further study of initial solidification, and to improve understanding of this important 
phenomena. 
 
Keywords: Initial solidification, continuous casting, surface defects, physical simulation. 
 
1. Introduction 
Continuous casting has been widely used for the 
production of steel strands; however, problems of 
strand quality often arise during the continuous 
casting process.[1] Defects of strand include internal 
and surface defects, and it is of great importance to 
eliminate these defects; as the defects tends to lead 
a loss of yield and productivity.[2] Additionally, the 
better quality of strand is required for the 
development of hot direct rolling technique[3] and 
thin-strip casting technique.[4] Compared with 
internal defects, surface cracks show more severe 
damage to final product, as they are easily oxidized 
and can’t be re-welded during rolling.[5] The 
importance of initial solidification of molten steel 
in continuous casting mold has been widely 
acknowledged, because many surface defects 
originate from the initial solidification area during 
continuous casting.[6,7] Therefore, a clear 
understanding of initial solidification of molten 
steel is of great importance for the control of strand 
surface defects. Initial solidification behaviors of 
molten steel in continuous mold happen in 
meniscus area as shown in Fig.1, which include 
stress and strain state of shell, heat transfer between 
mold and shell, solute segregation of shell, fluid 
flow of molten steel, infiltration and entrapment of 
molten slag, entrapment of bubbles and inclusion in 
shell. Extensive past work has been conducted to 
study the initial solidification of molten steel in 
continuous mold, and its research methods can be 
generally divided into four categories: plant 
experiment, pilot caster experiment, mathematical 
simulation and physical simulation. This paper will 
review studies of initial solidification behaviors and 
some corresponding important conclusions. 
2. Industrial experiment and pilot caster 
experiment 
Significant work has been conducted in plant[9-12] 
and pilot caster[13-19] to understand the initial 
solidification of molten steel and provide 
suggestions for improving surface quality of steel 
strand. Tomas et al.[12] proposed a formation 
mechanism of oscillation mark (OM) after a lot of 
observations in sub-microstructure of solidified 
shell obtained from industrial caster, which has 
important implications for surface defects. 
Samarasekera et al. [9,10] has investigated the 
influence of heat flux and slag rim in the vicinity of 
meniscus on surface defects (off-corner depression 
and subsurface cracks) of slab based on many 
industrial trials. Through the combination of 
industrial trials and mathematical model, 
Brimacombe et al.[11,20] proposed a mechanism of 
oscillation-mark formation, which involves 
pressure in slag channel, meniscus solidification, 
and overflow, and then the effect of oscillation 
mark on surface quality (transverse crack and 
segregation) of slab was discussed; they thought 
that the increasing the frequency of mold 
oscillation can effectively reduce transverse cracks 
by decreasing both the depth and the pitch of 
oscillation marks. One of the earliest reported pilot 
caster experiments was done by Savage[15], who 
built a scale model of actual caster to investigate 
billet rupture during continuous casting. Tomono[16] 
built a “minicaster” equipped with a 700 mm long 
85 mm square billet mold in the late 1970s to study 
mechanisms of surface formation of steel strand, 
and the mechanism that folding mark is formed 
because of the overflow from solidified meniscus 
was proposed. At the beginning of the 21st century, 
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solidification and cooling rate of shell below the 
meniscus was studied by Hanao et al.[13] using pilot 
caster of slab. Conducting experiments on an 
industrial caster or pilot caster are an ideal way for 
the study of the initial solidification of molten steel, 
but there are some constraints such as high 
dangerousness, high cost and difficulty in 
controlling experiment conditions.  
 
 
Figure 1 Meniscus area in continuous casting mold[8] 
 
3. Mathematical simulation 
With the increasing power of computer hardware 
and software, mathematical simulation is becoming 
an important method to investigate initial 
solidification of molten steel during continuous 
casting. As early as 1970s, a mathematical model is 
developed by Szekelyet al. [21]  to predict turbulent 
flow field and temperature field in the upper region 
of the liquid pool in continuous casting mold, and 
then water model was used to valid the 
mathematical model. Understanding the behaviors 
of bubbles and nonmetallic inclusions around 
meniscus is important for improving surface 
defects such as blister and inclusion defect in strand. 
Therefore, many mathematical models were 
developed to investigate the motions and 
interactions of argon bubbles and inclusions in 
nozzle and mold, and their entrapment by shell 
solidification front.[22-25]Lopez et al.[26] built a 
mathematical model for steel-slag flow coupled 
with solidification and heat transfer to study the 
effect of slag infiltration on the shell solidification 
and the mechanism of the OM formation during the 
initial solidification stage. Besides, a mechanical- 
hydrodynamic-thermal model developed by 
Schwerdtfeger et al.[27] was used to predict the 
depth of depression-type OMs, temperature field of 
shell, flow and pressure in the shell/mold gap. 
Recently, Thomas et al.[28] built a model combined 
with the experimental data to simulate the initial 
solidification of shell and predict the slag 
consumption. Through mathematical simulation, 
we can obtain visualized information during 
continuous casting, such as temperature filed, stress 
field, liquid flow filed, solute distribution and so on. 
Besides, compared with industrial experiment or 
pilot experiment, it takes less cost to study initial 
solidification by mathematical simulation. 
However, results from mathematical simulation 
could not completely reflect the practical 
complexity of initial solidification behaviors of 
molten steel in the mold, because mathematical 
models are established based on the hypothesis and 
it is difficult to acquire boundary conditions and 
physical property parameters accurately.  
4. Physical simulation 
Because of the high cost of industrial experiment, 
many water models have been employed to study 
fluid flow and slag entrapment in continuous 
casting mold.[29-34]However, the properties of water 
have a great difference with that of steel, and water 
model can’t simulate the solidification process of 
steel shell. Therefore, some researchers used low 
melting alloy and organic substance as substitute of 
steel and mold slag to conduct experiments in the 
simulator of continuous caster.[16,35-41] For example, 
Tsutsumi et al.[37] used Sn-Pb alloy and stearic acid 
in simulated continuous casting machine to study 
the mechanism of lubrication between mold and 
solidified shell. In order to enhance simulation 
level of physical model, steel and mold slag have 
been used as experimental materials during mold 
simulator test to study the initial solidification of 
molten steel in mold. The mold simulators that use 
steel and slag as experimental materials can be 
generally divided into three categories: dip test[42-43], 
static mold[45,46]and dip simulator[47-58]. Dip test 
system only contains chilled plate that is immersed 
into steel bath, without other sophisticated 
equipment like mold oscillation and shell extraction. 
Static mold system is in essence similar to the dip 
test system, with the exception that static mold have 
the molten steel contained in the mold. These two 
simulators can be used to study the heat transfer 
between shell and mold, mold slag behaviors, 
formation mechanism of shell marks and so on, but 
they can’t mimic the dynamic nature of actual 
caster. As early as 1980s, dip simulators were 
developed to simulate initial solidification of 
molten steel during continuous casting, which were 
equipped with oscillation drive and shell extractor. 
The first dip simulator was developed by NKK 
Corporation in 1981.[47] Later, dip simulator went 
through several improvements of mold 
construction and temperature acquisition system. 
Wang et al[54,55] developed a dip simulator with 
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high-speed data acquisition system to investigate 
the relationship between shell surface profile, heat 
flux, shell thickness, mold level fluctuation, and the 
infiltrated slag film. One of experimental results is 
shown in Fig. 2; the heat flux increases rapidly 
when the mold descends during NST period and the 
heat flux variation rate reaches its maximum value 
during NST period. Each OMs on the shell surface 
is corresponding to a peak of the heat flux variation 
rate, indicating that the formation of OM is 
associated with a sudden increase of the heat flux. 
Dip simulators have been successfully applied to 
investigate initial solidification of molten steel, 
which possess some advantages of low cost, 
convenient operation, reasonable similarity to 
actual caster. In most of cases, physical simulation 
needs mathematical model as a auxiliary tool in 
order to have a comprehensive understanding on 
initial solidification phenomenon of molten steel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Relation between the shell surface profile, heat 
flux and heat flux variation rate[54] 
5. Conclusion 
This paper has summarized the research techniques 
about the initial solidification phenomenon of 
molten steel in continuous casting mold. 
Mathematical model and physical model are 
playing a more and more important role in the study 
of initial solidification phenomenon. These models 
have achieved significant progress in recent years; 
however, much further work is needed to improve 
their simulation level. Mathematical model and 
physical model have the relationship of mutual 
confirmation and mutual complementation. In the 
future, mold simulator would be the main research 
technique in the study of initial solidification 
phenomenon, and mathematical models would be 
as an indispensable auxiliary tool at the same time. 
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Abstract: Over 90 percent of the liquid steel is converted to solid through the continuous casting route. The 
output of the caster, a semi-finished product, should have desired properties to meet the demands of the 
downstream operations. The physics of a casting operation is complex and the quality of the cast product is 
governed by multi-physics phenomena involving multiple phases and length scales. The role of thermo-fluid 
and thermo-mechanical phenomena on the evolution of some of the casting defects is discussed and the use of 
mathematical models for understanding the evolution of defects as well as for the optimization and control of 
product quality is highlighted. Many defects in the caster arise out of coupled fluid structure interactions. 
Mathematical models of the coupled phenomena often invoke several simplifying assumptions. The impact of 
using different auxiliary and constitutive models on the prediction of casting defects is discussed in the context 
of bulging.  
 
Keywords: Steel, continuous casting, casting defects, mathematical modeling  
 
1. Introduction 
The share of steel cast through the continuous 
casting route is steadily rising. In the last five 
decades, the shift from the ingot casting route to 
the continuous casting is nearly complete and 
presently more than 90 % of the crude liquid 
steel is cast through this route[1] owing to the 
advantages listed in Fig. 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The main purpose of a continuous casting 
machine is to convert liquid steel into solid for 
the subsequent downstream operations. The 
quality of the cast product is dependent on the 
cleanliness of the incoming liquid melt and the 
process and design parameters of the caster. The 
resultant micro- and macrostructures, and 
internal and surface defects such as micro and 
macrosegregation, cracks, porosity etc. 
determine the quality of the cast product. The 
evolving structure and defects, in turn, are 
governed by complex physics of solidification 
involving multiple phases and length scales. 
Table 1 lists some of the major defects in 
continuous casting[2,3]. Many of these defects 
originate in the mold region of the caster. 
Barring few, most of the defects are linked with 
the high temperature mechanical behavior of the 
solidifying shell and the mushy region under the 
influence of thermal and/or mechanical stresses. 
Thus, coupling of thermo-fluid and thermo-
mechanical phenomena plays a vital role in the 
evolution of most of the casting defects. The 
coupled nature of the problem is discussed in the 
context of bulging and associated casting defects 
such as centre-line segregation (CLS).   
CLS involves long range transport of solute and 
is therefore a form of macrosegregation[4]. In the 
context of ingot casting, several studies on 
macrosegregation have highlighted the 
importance of thermo-solutal convection on the 
evolution of macrosegregation (ref. [5,6],for 
example). The evolution of macrosegregation is 
governed by the conservation of mass, 
momentum, energy and species and associated 
phase change. Continuous casting is far more 
complex. The flow is highly turbulent on account 
of the incoming mass through the submerged 
entry nozzles. Also, the domain is very large. In 
many cases, electromagnetic devices are 
Figure 1 Advantages of continuous casting 
operation 
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employed to promote or control flow in the 
caster. 
Table 1 Typical continuous casting defects[2,3] 
 
Type of defects Defects 
 
 
Surface 
Longitudinal cracks 
Transverse cracks 
Oscillation marks 
Bleeding 
Inclusions 
Blowholes, pin holes 
 
 
Internal 
Internal cracks 
Centre-line Segregation 
Pipe and shrinkage cavity 
Mold flux/ slag entrapment 
 
Shape 
Longitudinal depression 
Transverse depression 
Rhomboidity 
 
Thermo-fluid based mathematical models have 
been evolving over last three decades and are 
capable of analyzing temperature distribution, 
fluid flow and species transport in solidifying 
systems[7-9]. Further, plant observations suggest 
strong linkages between morphological transition 
and CLS[10] in continuously cast products. Also, 
the bulging of solidified shell is considered to be 
one of the key parameters affecting CLS[4] . 
Thus, additional considerations are needed while 
modeling CLS. 
Morphological transition in continuous caster is 
dependent on several parameters. The parameters 
of incoming melt, namely, composition, 
superheat, and cleanliness of steel influence 
morphological transition. Process and design 
parameters of the caster such as casting speed or 
mass flow rate, design of the submerged entry 
nozzle, cooling in the mold and secondary 
cooling zones, mold oscillations, morphology of 
the mushy region, casting thickness, etc. affect 
columnar-to-equiaxed transition(CET) or 
morphological transition[4] by modifying flow 
and thermal profiles. Though we understand 
CET qualitatively, our quantitative 
understanding of CET is far from satisfactory. 
For example, it is well known that higher 
superheat of the melt delays transition[10]. In 
general, lower superheat promotes higher 
equiaxed fraction, which, in turn, reduces CLS. 
However, the effect of superheat on CET when 
brought through its influence on the 
solidification rate and thermal gradient ahead of 
the columnar front does not show the desired 
influence. Instead, as shown in a recent study[11] , 
linking superheat with the nuclei density seems 
to capture the CET vs. superheat variation 
accurately. 
 Though CLS is a macroscopic defect, 
phenomena occurring at lower length scales, i.e., 
dendritic length scales also influence it. As 
summarized in the review article by Pardeshi, et 
al.[12], a micro-macro model of solidification 
captures the evolution of macrosegregation more 
accurately. Also, the selection of appropriate 
permeability model for mush morphology 
influences macro-segregation.  Apart from this, 
selection of appropriate fraction liquid-
temperature relationship in the mushy region 
influences both thermal and flow profiles and 
eventually macro-segregation[13]. 
Like morphological transition, bulging of shell 
has strong influence on CLS. Bulging, a defect 
arising out of high temperature deformation of 
the solidifying shell, is governed by thermo-
mechanical phenomena and is responsible for 
many defects in continuous casting. Bulging has 
been investigated by several authors. Few 
representative publications are listed in refs. [14-
17]. In these studies, a variety of constitutive 
models ranging from simple bilinear hardening 
model to complex creep models have been 
employed. However, in most of these models, 
simplified thermo-fluid models have often been 
used to obtain shell thickness, temperature 
distribution in the solidified shell and ferro-
static/ ferro-dynamic pressure. Only few studies 
have employed comprehensive thermo-fluid 
model while investigating thermo-mechanical 
phenomena; recent studies by Thomas and co-
workers[18-19], for example.  
To summarize, most of studies on CLS in 
continuous casting ignore the effects of 
morphological transition and bulging. Secondly, 
analysis of bulging has often considered inputs 
from simplified thermo-fluid models. Thirdly, a 
variety of constitutive models have been 
employed in thermo-mechanical analysis of 
bulging.  
In the present paper, we discuss the influence of 
choice of auxiliary models/constitutive models 
on the outcome of thermo-fluid and thermo-
mechanical models. The discussion is focused on 
bulging which influences CLS and causes 
several other defects. From the plant, process 
conditions and design data are easily available. 
But on the output side, only data available is the 
CLS pattern, obtained through the sulfur print on 
the transverse section of the caster. Considering 
that the CLS could possibly be influenced by a 
large number of process and design parameters 
and that a plant can operate within a very narrow 
set of optimized design set points, the 
importance of mathematical models in 
quantifying the influence of various process and 
design parameters cannot be overstated. 
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Figure 3 Velocity profiles in the upper part of the 
caster[22] 
 
2. Thermo-fluid and Thermo-mechanical 
Models 
For the purpose of present study, we take the 
following geometry used by Janik, et al. [14].  
 
 
Figure 2 Schematic of vertical continuous caster[14] 
 
A 2-dimensional mathematical model based on 
conservation of mass, momentum, energy and 
species were developed using ANSYS Fluent[20]. 
The thermo-fluid model also accounts for 
associated phase change and turbulence. The 
model employed is similar to the one presented 
by Aboutalebi, et al.[8]  and suitably modified to 
simulate the following two cases: 
(i) Case A: Conduction with linear fl-T  
(ii) Case B: Convection with Scheil equation  
 
Details of these models are present 
elsewhere[21,22] and only brief discussion is 
presented here. Figure 3 shows typical flow 
profile in the upper part of the caster for Case B. 
As expected, two circulatory loops are formed 
due to the incoming metal supplied through the 
centre. Also, the influence of the flow at the inlet 
dies down substantially towards the end of the 
mold. The resultant shell thickness, temperature 
distributions in shell and pressure on the shell are 
different for different thermo-fluid models. 
These parameters are inputs to the thermo-
mechanical model. The model is briefly 
presented below. 
 
 
The deformation of the solid shell, known as 
bulging, is governed by thermo-mechanical 
phenomena. The physics of bulging is complex, 
and involves high temperature deformation. For 
the purpose of present study, the model 
presented by Janik, et al.[14] is implemented in 
ANSYS Structural[20]. The thermal and pressure 
profiles from thermo-fluid models (Case A and 
Case B) are inputs to this model.  
The influence of thermo-fluid and thermo-
mechanical model on CLS is shown 
schematically in Fig. 4.  
 
Figure 4 Flow chart showing influence of different 
phenomena on CLS 
High temperature deformation requires 
constitutive models relating strength of materials 
with composition, strain, strain rate, temperature, 
etc. Different types of materials models have 
been used in past. To show the influence of 
different materials model on bulging, two 
materials models, namely bilinear hardening 
model[14] and creep model[15] are selected and the 
following three cases are simulated:Case C: Case 
A + Bilinear Isotropic model; Case D: Case B + 
Bilinear Isotropic model; Case E: Case B + 
Creep model; The results from these models are 
discussed in the next section. 
3. Results and Discussion   
Fig. 5 shows the effect of various models (cases 
C to E) on bulging. As expected, the extent of 
bulging is maximum just below the mold and it 
goes down along the length of the caster. 
Between Cases C and D, thermo-mechanical 
model is same but the inputs from the thermo-
fluid model are different. There is significant 
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difference in amount of bulging for these two 
cases viz., difference between the bulging 
profiles of Case D and E along the length of the 
caster is insignificant. In these cases, inputs from 
thermo-fluid models are same and only materials 
model are changed. Since these results are 
obtained for a particular composition, the 
difference for steel with higher susceptibility 
towards creep could be entirely different. The 
important conclusion from these results is that 
inputs from simplified thermo-fluid model can 
result in under prediction of bulging profile. 
These are important as bulging has significant 
effect on CLS[21] as shown in Fig. 6.  
 
 
 
Figure 5 Bulging for different models 
 
 
 
Figure 6 Mass fractions of carbon in the bulk liquid   
The importance of accurate estimation of bulging 
can be readily seen. Also, the input parameters 
from the thermo-fluid model are as important as 
the accuracy of thermo-mechanical model and 
any simplification in thermo-fluid model could 
result in under prediction of bulging and CLS. 
 
 
 
4. Summary 
Coupled interactions between thermo-fluid and 
thermo-mechanical models were considered in 
continuous caster and the role of selecting 
appropriate auxiliary models and constitutive 
models are highlighted. Model simplifications 
are needed in order to reduce the computational 
cost but its implications on the accuracy of 
results should be investigated. 
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Abstract: Continuously cast slabs with high alloy content are susceptible to centreline segregation defect. Etching 
techniques are routinely utilized for visual assessment of segregation. Quality ratings are assigned to slabs 
depending on the severity of segregation generated by different processing conditions. Unfortunately, these ratings 
do not allow quantitative analysis for identifying solution strategies that aim to improve slab quality. Quantitative 
techniques that are either labour-intensive or applicable only to small samples cannot be used by industrial labs. This 
paper describes state-of-the-art quantitative techniques that can measure segregation on large steel samples and 
ultimately aim to eliminate subjective quality ratings based on visual inspection. 
 
Keywords: Centreline segregation, macrosegregation, slab internal quality, continuous casting. 
 
1. Introduction 
Advanced High Strength Steel (AHSS) and High 
Strength Low Alloy (HSLA) steel slabs produced 
by modern continuous casters have moderate to 
high alloy (e.g. Mn, Cr, Si, Al etc.) contents for 
achieving desired mechanical properties. For these 
highly-alloyed grades, macro-segregation of these 
alloying elements occurs along the slab centreline, 
shown in Fig. 1[1]. This internal defect is typical 
for any continuous caster.  
 
Figure 1 Deep-etched macrostructures obtained from a 
longitudinal AHSS slab sample without any segregation 
(left) vs. typical centreline segregation (right)[1] 
During the continuous casting process, if an 
unbridged channel of solute-enriched liquid is 
formed near the final solidification point due to 
sub-optimal casting conditions, a centreline with 
segregated elements remains frozen inside the slab. 
In the absence of adequate strand containment, 
strand bulging often encourages movement of 
liquid within this solute-enriched continuous 
channel and aggravates the problem of centreline 
segregation.  
Process parameters, such as superheat, casting 
speed and spray cooling practice have a direct 
impact on the severity of centreline segregation. 
Parameters related to equipment maintenance, such 
as roll misalignment, roll wear, and plugged and/or 
leaky spray nozzles also have a detrimental effect 
on segregation. Therefore, both optimal design and 
reliable caster performance are required to 
minimize this internal defect in slabs. 
Centreline segregation can persist on coils even 
after downstream processing of slabs. This can 
lead to the formation of martensitic banded 
structure in hot and cold rolled sheet products. Due 
to this reason, the mechanical properties can be 
inhomogeneous and the targets may not be 
achieved at some coil locations. Delamination 
defect may also occur while fabricating finished 
parts from coils that have severe centreline 
segregation. Hence, to protect the interest of the 
customers, minimization and control of centreline 
segregation is very important to all steelmakers 
that produce AHSS and HSLA slabs. 
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2. Industrial qualitative methods for 
centreline segregation quality assessment 
For internal quality assessment, slab samples are 
periodically obtained either directly from the 
continuously cast strand (online) or from cold 
slabs (offline). Etched cast macrostructures 
(similar to Fig. 1) are then obtained from these 
samples at Internal Quality Assessment (IQA) 
Laboratories, which are usually located in the 
vicinity of the continuous casting equipment. After 
visual inspection of these macrostructures, an 
internal quality rating is assigned and recorded in 
the corporate quality database.  
The internal quality rating system is usually 
adapted from the Mannesmann standards that were 
established several decades ago. This adaptation 
was necessary because the Mannesmann-based 
ratings were based on sulphur prints – a widely-
used method for steels with %S > 50 ppm – that 
now fail to reveal the cast macrostructure for 
AHSS grades, as these modern steels have 
extremely low sulphur content. Etching methods 
and equipment often vary from caster to caster. 
Therefore, each steelmaker has developed their 
own IQA standards independently. These 
standards may differ from each other; and hence, 
IQA ratings assigned by different labs may not be 
comparable. Three factors are primarily 
responsible for this discrepancy[1]:  
(i) Etching techniques are different: For example, 
the etchant used by one plant may be more reactive 
than others. Etched macrographs produced by this 
plant will reveal internal defects with a better 
contrast and resolution, and result in harsher 
internal quality ratings. 
(ii) Digital cameras used for recording the cast 
macrographs have different specifications: For 
example, the digital camera in one plant may 
capture more megapixels per unit area generating 
photographs that have better contrast and 
resolution. Thus, artifacts will be accurately 
recorded by this plant, which will artificially 
enhance the segregation severity. 
(iii) Visual interpretation of macrographs is not 
objective: For example, the same macrograph can 
be assigned different ratings by inspectors with 
dissimilar expertise and experience. 
From the standpoint of segregation-sensitive 
AHSS and HSLA slabs, etching-based qualitative 
procedures pose two major technical challenges for 
casting engineers:  
(i) There is a lack of objectivity in this method, 
which makes it is difficult to establish a unified 
rating procedure so that interests of all customers 
can be protected. This is especially true if slabs are 
produced by a global company (e.g. ArcelorMittal) 
operating multiple casters around the world. 
 (ii) The method is not amenable to quantitative or 
statistical analysis. Qualitative data often leads to 
inconclusive results. Identification of effective 
caster solution strategies that aim to minimize 
centreline segregation require quantitative data and 
conclusions that are statistically significant.  
To overcome these two technical gaps, quantitative 
procedures for detecting centreline segregation are 
required – and three newly proposed quantitative 
techniques are introduced and described in Section 
3. Their major advantages and disadvantages are 
then discussed in Section 4. 
3. Recently-proposed quantitative methods 
for centreline quality assessment 
Three new quantitative techniques for centreline 
segregation measurement have been presented at 
recent continuous casting conferences – these are: 
(a) Image Analysis technique developed by SSAB 
Americas R&D[2], (b) HD Scan technique 
developed by SMS Group[3], and (c) Micro X-Ray 
Fluorescence (MXRF) technique developed by 
ArcelorMittal Global R&D[4]. 
3.1 Image Analysis technique developed by 
SSAB Americas[2] 
This quantitative technique, currently in use at 
SSAB Americas (SSAB) plants, utilizes full-width 
through-thickness slab samples. The through-
thickness face of these samples is first milled and 
ground. The samples are then cut into several 
smaller sections and etched. A typical etched 
macrostructure is shown in Fig. 2. Finally, a 
handheld scanner is used to generate high 
resolution photographs of these macrostructures, 
which are then analyzed by an image processing 
program. 
The image analysis of the area near the centreline 
in the photograph (see Fig. 2) then generates an 
As-Cast Product Centreline (APC) rating for the 
image. SSAB has calibrated the APC rating system 
using images from the Mannesmann standards. 
The APC ratings were also validated by 
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measurements obtained from Energy Dispersive 
Spectroscopy (EDS) maps using a Scanning 
Electron Microscope (SEM) – see Fig. 3. SSAB 
has successfully used this technique for 
determining optimal soft reduction windows and 
cast speeds for improving centreline quality at 
their continuous casters. 
 
 
Figure 2 Typical cast macrostructure used by SSAB 
Americas for image analysis of centreline segregation 
(indicated by the box)[2] 
 
 
 
Figure 3 Validation of APC ratings of scanned images 
by SEM/EDS measurements [2] 
 
3.2 Ultrasound-based HD Scan technique 
developed by SMS Group[3] 
This quantitative technique was developed by one 
of the steelmaking equipment manufacturers and 
utilizes ultrasonic testing of steel samples for 
evaluating internal quality. A pilot HD Scan unit 
consists of a water basin, a scanning unit fitted 
with ultrasonic sensors, and a computer with 
software for visualization and image processing. 
Steel samples are cut and surfaces of interest are 
milled. On, immersed samples under water, 
ultrasonic scanning is performed.  
A comparison between etched macrostructure and 
ultrasonic scan is shown in Fig. 4. It is evident that 
the ultrasonic scan reveals the centreline 
segregation clearly. Additional metallurgical 
features, such as, primary dendritic grain structure 
and porosity are also detected by this technique. 
The in-built image analysis software automatically 
generates a segregation rating based on any area 
selected by the user on the ultrasonic image. 
 
Figure 4 Results from a thin slab sample: etched cast 
macro-structure on the sample face (above) vs. 
ultrasonic scan from the sample volume (below)[3] 
 
3.3 MXRF technique developed by 
ArcelorMittal Global R&D[4] 
ArcelorMittal Global R&D has developed and 
fabricated a laboratory-scale MXRF device, which 
can scan large steel sample surfaces (up to 100 mm 
by 200 mm) so that quantitative chemistry maps 
near slab centreline segregation can be generated 
rapidly. The sample surface (milled) is first excited 
by X-Rays, which in turn produces characteristic 
X-Ray Fluorescence. The XRF spectrais then 
analyzed to determine elemental composition from 
a spot or an area. The MXRF wt% measurements 
were validated by standards used for calibrating 
Optical Emission Spectroscopy (OES) devices. 
Figure 5 shows the comparison between an etched 
macrograph and an MXRF scan performed on the 
same area on an AHSS slab sample. The Mn Ratio 
map was generated using a reference Mn wt%. The 
visual features of the centreline segregation 
revealed after deep etching are replicated on the 
Mn wt% map. The primary dendritic structure and 
micro-segregation of Mn around the centreline can 
also be clearly seen.  
The device also provides the statistical analysis of 
elemental ratio data obtained from the entire 
scanned area. For example, the compositional 
statistics for Mn and Cr Ratios from the figure are 
shown in Table 1. 
 
Table 1 Compositional statistics obtained from the 
entire MXRF scan (Fig. 5) for Mn and Cr[4] 
 
 
A
P
C
 R
a
ti
n
g
Area Fraction of Mn Segregation Ratio ≥ 1.3 
obtained from SEM/EDS Maps
Metric Mean  Min Max 
Mn Ratio 1.02 0.07 0.73 2.38 
Cr Ratio 0.99 0.20 0.26 5.93 
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Figure 5 Results from an AHSS slab sample  
(200 mm x 40 mm): etched cast macro-structure (left) 
vs. MXRF Mn Ratio Map (right)[4] 
 
4. Discussion 
The three techniques can successfully eliminate 
visual inspection and subjective interpretation of 
etched macrographs by IQA inspectors. They also 
generate accurate, reliable and reproducible data 
that are suitable for industrial-scale analysis of 
centreline segregation. However, data collection 
still requires labour-intensive and time-consuming 
sample cutting and surface preparation procedures. 
The SSAB technique can be easily implemented at 
any IQA lab that already produces high resolution 
photographs of etched macrographs from full-
width transverse samples. However, a standardized 
etching procedure must be followed to ensure that 
clean macrographs are produced reliably so that 
accurate APC ratings can be generated. Any 
etching artifacts on the photographs will introduce 
false positive data, leading to higher APC ratings. 
In contrast, HD Scan and MXRF techniques 
eliminate the etching procedure completely. The 
HD Scan method generates a wealth of data by 
scanning multiple layers within a thickness of 6 
mm. However, image analysis is still required to 
obtain quantitative measurements. The detailed 
microstructural features or defects revealed by 
ultrasound requires validation by applying 
fundamentals of solidification metallurgy. 
 
The MXRF technique measures elemental wt% 
data and therefore, can be directly linked to the 
transportation of alloying elements during the 
solidification process. Fundamental understanding 
of solute transport between dendrites (micro), 
grains (meso), and slab centre to surface (macro) 
can be developed. IQA ratings based on elemental 
wt% data will be more metallurgically meaningful. 
The impact of process parameters and equipment 
behaviour can be explained by first principles. 
However, the MXRF method is currently limited 
to smaller sample size compared to the two other 
methods. Also, X-Ray spot sizes must be increased 
if the samples are very large, so that the data 
acquisition time can be industrially acceptable. 
5. Conclusions  
Currently, etched macrostructures are being 
visually assessed by IQA labs world-wide to 
generate segregation ratings. The three new 
techniques described in this paper can eliminate 
visual assessment by using quantitative rating 
methods. The etching process will still be required 
if SSAB technique is used. HD Scan can eliminate 
etching but the ultrasonic data must be linked with 
solidification metallurgy prior to establishing an 
industrial rating system. Elemental wt% data 
measured by MXRF at the slab centreline is also a 
practical option; but the laboratory-scale MXRF 
device will require technological advancements. 
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Abstract: Advanced high strength steels due of their superior mechanical properties are one of the prime products 
for most of the global steel players which they cater to the automotive companies. Such steels are very difficult to 
cast at high casting speeds because of their mixed mode of solidification which gives rise to extra shrinkage during 
solidification leading to irregular shell-surface roughness that causes non-uniform heat transfer to the mold, local 
lifting of the shell from the mold, recalescence, and surface cracks in the finished product. In the recent past, there 
has been several research investigations carried out by R&D Tata Steel, in order to achieve high casting speed of 
peritectic grade of steels. Some of the steps taken to increase the casting speed of peritectic grade of steel are: 
a) A new ferrite potential formula has been developed and implemented in the plant for more accurate 
predictions of low carbon and Peritectic grade steels. 
b) Routine monitoring of Temperature Variation Coefficient (TVC) in order to monitor the initial 
solidification behaviour. 
c) High temperature phase transformation study. 
d) A mold taper prediction model for slab casting has been developed which computes solidified shell 
shrinkage and optimum mold taper values at both wide and narrow side of the mold for high speed casting. 
The model uses phase transformation data, solidification shell thickness and temperature distribution at the 
mold to evaluate the optimum mold taper.   
e) Lastly, a new type of mold powder has been developed having high basicity as well as lower viscosity to 
give a balance between heat transfer and lubrication. High basicity will lead to higher crystallization 
temperature hence reduced heat transfer and lower viscosity helps in maintaining better lubrication. 
Keywords: Peritectic grade, continuous casting, mould taper, phase transformation 
1. Introduction 
Most of the auto customers nowadays are opting 
for advanced high strength steels (AHSS) due to its 
superior mechanical properties and unique 
behaviour during high energy loading (e.g. car 
crash). This property helps in lowering the mass of 
the entire vehicle. Currently most of the steel 
produced in the world is through continuous 
casting route which saves energy as well as time. 
During continuous casting the solidified shell 
which starts at the meniscus must have sufficient 
strength so that it can hold molten steel within it 
otherwise breakout may take place due to shell 
rupture. The surface quality of continuously cast 
AHSS depends upon solidification and heat 
transfer behaviour within the mould. Many of the 
AHSS grades of steels may fall under peritectic 
range due to addition of austenite formers. Steels 
which undergo peritectic reaction during 
solidification are difficult to cast at higher casting 
speed. The shrinkages associated with the 
peritectic reaction and thermal contraction cause 
the steel shell to detach from the mold wall 
resulting in decreased mold heat transfer rate. The 
uneven growth of shell leads to increased thermal 
resistance and reduced heat flux between the mold 
and strand. Very often uneven and abnormal shell 
growth as well as shell cracking may occur due to 
relatively softer thin shell. This is because the 
shrinkage results in stress generation within the 
thin shell and the stress is relieved through 
longitudinal cracking of the steel shell. Thus the 
casting of peritectic steels is considered quite 
critical for production of defect free cast sections.   
2. Thermodynamic modelling of the effects of 
alloying elements on the ferrite potential of 
peritectic and ultra-low Carbon steels 
Continuous casting of steel slabs having 
composition close to the peritectic point is often 
difficult to cast as compared to other grades. These 
steels undergo the peritectic (𝐿 + 𝛿 → 𝛾) 
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transformation during solidification. This is 
accompanied by large volume shrinkage since the 
molar volume of   (austenite) is considerably less 
than that of both liquid (𝐿) and delta-ferrite (𝛿) 
phases. The temperature range in which this 
shrinkage occurs corresponds to the so-called zero-
ductility-temperature range where the ductility of 
steels is very low and hence peritectic grades of 
steel are extremely prone to cracking. This 
propensity of cracking tendency is often measured 
in terms of its Ferrite Potential (FP) which is 
defined as[1,2]: 
FP = 2.5 ∗ (0.5 − [%𝐶])                                    (1) 
where [%𝐶] is the mass percent of carbon in steel 
and the constant terms (2.5, 0.5) are determined in 
such a way that FP satisfies the following criteria: 
FP = 1 when [%𝐶] = 𝐶𝐴 
        0 when [%𝐶] = 𝐶𝐶 
        0.8 when [%𝐶] = 𝐶𝐵       
where 𝐶𝐴 = 0.1, 𝐶𝐵 = 0.18 and 𝐶𝐶 = 0.5 for simple 
Fe-C systems.  
 
    
Figure 1 Pure Fe-C phase diagram showing the 
classification of peritectic steels based on Ferrite 
Potential[1,2] 
The plain carbon steels have been classified into 
two major categories based on this definition of 
FP: 
a)  Depression Grades: 0.8<FP <1.0 
b) Sticker Grades: F.P <0 or FP>1.0      
 
The above expression of Ferrite Potential (Eq. 1) is 
strictly valid only for plain carbon steels. 
Generally, commercial steels are multi-component 
alloys of iron containing various alloying elements 
other than carbon. These elements may alter the 
peritectic transformation behaviour of steels by 
shifting the peritectic compositions (𝐶𝐴, 𝐶𝐵 and 𝐶𝐶) 
either to the left or to the right and thereby affect 
their actual Ferrite Potential.    
Kagawa et al made initial attempts in determining 
the effects of alloying elements on the peritectic 
compositions and temperatures based on 
thermodynamics. Recently, efforts have been made 
through the development of peritectic predictor 
equations using computational thermodynamic 
approaches to determine the effects of alloying 
elements on 𝐶𝐴 and 𝐶𝐵 [1, 2].  Insufficient 
information is available in literature on the effects 
of various alloying elements on the composition 
𝐶𝐶. The present work was undertaken for 
developing a precise correlations/model for the 
prediction of true peritectic behaviour of 
multicomponent steels, particularly those 
commercially produced at Tata Steel, India.    
In the present work, actual peritectic carbon 
compositions for multi-component steels (i.e.𝐶𝐴, 
𝐶𝐵 and 𝐶𝐶) have been assumed to have a quadratic 
dependence on the concentrations of the alloying 
elements.  Besides composition, alloying elements 
also affect the peritectic transformation 
temperature (𝑇𝑃).   The effects of alloying 
elements on the peritectic start temperature (𝑇𝑃,) 
have also been investigated.  A very large number 
of pseudo-binary (~ 300) Fe-C phase diagrams 
were generated using commercially available 
ThermoCalc and TCFE7 database.  The constant 
terms for the predictor equations have been 
estimated using non-linear multi-variate 
regression. The final peritectic predictor equations 
are given in reference[1,2].              
The reliability of the present predictor equations 
was also tested by comparing the calculated and 
predicted values of Ferrite Potential (FP) and 
compared with other reported relations in literature 
as shown in Fig. 2[1,2]. 
The regression models developed to predict 
peritectic behaviour was also validated using 
industrial data of past one year of slab caster at 
LD2&SC, Tata Steel Jamshedpur Works as shown 
in Fig. 3. 
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Figure 2 Comparison of ferrite potential with different 
investigators[1,2] 
 
 
 
Figure 3 Relative frequency of longitudinal crack with 
%C at Steelmaking Shop LD2 
 
3. Identification of peritectic grades - high 
temperature phase transformation studies 
It was found that the ferrite potential expression 
which is currently being used in Steelmaking Shop 
is accurate only up to 50%. Hence some of the low 
carbon grades are treated as Peritectic grades and 
are being cast at lower casting speed. The DSC 
(Differential Scanning Calorimeter) was used to 
study the behaviour of low carbon and peritectic 
grade of steel with this technique to identify 
whether the peritectic reaction is taking place with 
a particular steel chemistry. Only one peak is 
evident in case the steel is low carbon in nature as 
can be seen in Figure 4(a). On the other hand if the 
steel is peritectic then the peritectic transformation 
will occur just before the melting temperature and 
two peaks will appear towards one direction as can 
be seen in Figure 4(b).  This work was undertaken 
to modify the expression for the ferrite potential, 
so that the predictions using the modified ferrite 
potential are able to match with the DSC results. 
 
 
Figure 4 Typical DSC results for (a) Low Carbon and 
(b) Peritectic grade of steel[3] 
DSC measurement using steel lollipop samples 
were carried out for 59 heats which were being 
treated as peritectic.  The DSC analysis shows that 
out of 59 heats 30 belong to low carbon. These 
heats were being treated as peritectic and cast at 
lower casting speed. The comparison was made 
between DSC results and predicted values with the 
new ferrite potential formula developed. From the 
comparison it was clear that the new ferrite 
potential (FP-R&D) predictions were in good 
agreement with DSC results. 
4. Development of mould powder for 
peritectic grade 
At Steelmaking Shop LD2, the alarms generated 
during the casting of peritectic grade of steel were 
very high (> 5/10kt) compared to the benchmark 
(~ 1.5/10kt). As the alarm rings, the casting speed 
automatically reduces resulting in lower 
productivity. In order to reduce the number of 
alarms and to increase productivity, a benchmark 
study was carried out which suggested the use of 
high basicity and low viscosity mould powder. A 
plant trial was carried out with high basicity and 
low viscosity mould powder to cast peritectic 
grade of steel. The following observations were 
made with the trial mould powder: a) Heat flux 
sensitivity was lower with the trial powder b) 
Lower temperature observed in upper 
thermocouples (layers 1&2) and increase in lower 
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thermocouples (layers 3&4) at similar casting 
conditions c) Lower TVC (thermal variation 
coefficient) observed with trial flux d) Powder 
consumption increased by about 30 % with the 
trial powder. The newly developed mould powder 
is being used regularly in the plant. 
 
Figure 5 Currently used, trial and benchmark mould 
powder and their performance with respect to alarms 
5. Mould taper for peritectic grade of steel 
During continuous casting of steel slabs, the mold 
walls must be tapered such that they remain in 
contact with the solidifying steel shell while it 
cools and shrinks. Proper taper ensures uniform 
heat transfer between the mold and steel surfaces, 
without exerting excessive contact forces on the 
hot and weak shell. Insufficient taper causes 
reduced heat flux across the mold/strand interface, 
leading to a thinner, weaker shell. This may cause 
breakouts or bulging below mold, which leads to 
longitudinal quality problems. Excessive taper also 
causes many problems, including mold wear, 
friction leading to axial tensile stress causing 
transverse cracks, and even buckling of the wide 
face shell, gutter and associated problems. Hence, 
an ideal mold taper is an important control 
parameter in the continuous casting of steel slabs. 
Therefore, in the present investigation a model has 
been developed to predict the ideal mold taper for 
both peritectic and low carbon grades of steel, in 
order to enhance the casting speed. A completely 
new methodology has been used to predict the 
mold taper by solving three dimensional flow and 
solidification problem for the mold with an 
augmentation of the shrinkage calculation from the 
phase diagrams based on the selected steel 
chemistry. The three dimensional mathematical 
models developed calculate the following[4]: 
temperature distribution in the strand from the 
surface to the centre of the steel slab by 
considering combined flow and solidification 
model, thickness of the solidified shell, thermal 
linear expansion coefficient for a given grade of 
steel, shrinkage of steel in the mold, total taper of 
the mold for a given steel grade for a defined 
casting.   
6. Conclusions 
Some of the conclusions from this study are[4]: 
A) The maximum shell shrinkage was found at the 
mold exit where the shell thickness is maximum (~ 
10-11 mm). The overall variations of the shrinkage 
profile follow a parabolic curve.  B) The maximum 
mold taper is at the meniscus and the minimum 
value corresponds to the mold exit. The functional 
variation of the mold taper typically follows a 
parabolic variation but the trend is inverse than 
that of the solidified shell shrinkage values. C) The 
maximum magnitude of the mold taper for wide 
side was found to be as 0.3 %/m, which is much 
lesser than that for narrow side (2.3 %/m). D) 
Mold taper values for both wide and narrow side 
of the mold were found to be higher for the 
peritectc grade steels compared to low carbon 
steel. Based on the study a new mold with 
modified taper is being made for trial purpose to 
cast peritectic grade of steel at higher casting 
speed. 
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Abstract: This study reports the Softening and Melting (SM) test behaviour for an Australian porous hematite-
goethite lump iron ore which involved measurement of three important parameters - bed contraction, pressure 
drop and reduction ratio in the temperature range from ~200 to 1580 oC.Four different regimes were identified 
wherein both bed contraction and pressure drop exhibited both linear and non-linear trend (R2>0.95). To 
quantify the spatial variations in bed porosity due to ore particle deformation (softening) and phase change 
above the liquidus temperature (melting), both X-ray CT scanningin the lower temperature range (1080 – 1300 
oC) and Neutron scanning tomography at higher temperatures (1450 oC) were performed on samples from 
interrupted tests. A power law type porosityprofile wasestablished from these measurements.Capability of 
various modelling approaches were analysed to predict the bed pressure drop. It was shown while the other 
models exhibit divergence when porosity and bed contraction approach singularity, the Ergun equation could 
still be utilised to predict reasonable bed pressure drop with the measured power law type porosity profile. 
Keywords: iron ore, softening and melting, cohesive zone, pressure drop, porosity 
1. Introduction 
The cohesive zone1 in the ironmaking blast 
furnace is defined as the temperature range 
between the softening and final melt down of the 
ferrous burden.The physical, chemical and 
structural changes in this temperature range 
cause significant pressure drop in the cohesive 
zoneand consequently affect the spatial 
distribution of gas in the upper shaft of the blast 
furnace.  This in turn affects the heat transfer and 
reduction behaviour of the ferrous burden. A 
quantitative understanding of pressure drop in 
the cohesive zone is therefore essential to 
understand the performance of the 
ironmakingblast furnace. 
Asdirect measurements are not feasible in an 
operating blast furnace, softening and melting 
tests (SMT)are carried out in the laboratory 
under a high temperature reducing environment 
to provide important data such asbed contraction 
under applied load, softening and melting 
temperatures of the ore burden, bed pressure 
drop, and reducibility of the ore.An expectation 
from the SMT data is to provide insight to this 
complex process which would aid in developing 
a pressure drop model that can be utilised in 
simulating the real scale blast furnace behaviour. 
Previous work in this area includes some 
variations of the well-known Ergun equation 
(1952)2. For useful prediction, it is important to 
include temperature-dependent bed porosity 
variation in the model which accounts for both 
bed deformation and liquid melt fraction.With 
this motivation, this study investigated the 
morphological change in the bed and spatial 
variations in the interstitial bed porosity utilising 
the CT scanning and neutron scattering 
tomography techniques. Also,three different bed 
pressure drop modelling approaches (Ergun2, 
1952; Sugiyama3, 1980; and Ichikawa4, 2015) 
were analysed incorporating the porosity 
variation, bed contraction and melt fraction 
parameters and compared with the experimental 
measurements.  
2. Experimental 
The experimental apparatus used for the 
softening and melting test is given in a previous 
study1. In the test, Australian porous hematite-
goethite lump ore sample (FeO: 57.3%, SiO2: 
2.54%, Al2O3: 1.284%, MgO: 0.053%, CaO: 
0.053%)  of mass ~0.357kg (bed height ~ 0.070 
m, particle diameter ~ 0.01125 mm, sphericity ~ 
0.643, intra-particle porosity ~ 0.29), was placed 
in a graphite crucible (0.06 m diameter×0.11 m 
height) in between two alternate coke layers of 
different heights (bottom layer ~ 0.025 m and top 
layer ~ 0.015 m).The crucible was kept in a 
temperature controlled heating furnace wherein 
temperature was increased gradually from ~ 200-
1580oC following a predefined ramp rate. A gas 
stream at flow rate 2.33× 10-4 m3/s comprising 
70% N2 and 30% CO at a controlled temperature 
was passed through the crucible to reduce the 
ore. The composition of the off-gas leaving the 
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furnace was monitored using an infra-red gas 
analyser.  
A pneumatic ram was utilised to keep the bed 
under a specified load of 98kPa. Gradual 
contraction in the bed height due to softening 
and melting with temperature was measured with 
a linear variable drive transducer sensor. 
Differential pressure across the bed was 
monitored throughout the test. Melting in the bed 
at higher temperature was confirmed by 
visualising dripping of molten droplets in the 
collecting tray underneath the test assembly. Full 
details are given in Dawson (1987)[5]. 
3. Pressure drop modelling 
Pressure drop in the combined coke and ferrous 
burden was estimated based on the bed 
comprising three distinct layers. Pressure drop in 
the top and bottom coke layerswere estimated 
based on the Ergun equation (1952)[2]: 
( ) ( )2 20 0
3 2 2 3
150 1 1.75 1f inter f inter
inter p inter p
U UP
L d d
µ ε ρ ε
ε ϕ ε ϕ
− −∆ = +
              
(1) 
where ΔP = pressure drop (Pa), L = bed height 
(m), µf = fluid viscosity (Pa.s), U0=superficial 
fluid velocity (m/s), εintra= inter-particle bed 
porosity, φ = particle sphericity, dp = particle 
diameter (m). 
The effect of particle deformation in the ferrous 
layer at higher temperature coupled with applied 
load, leads to decreasing bed porosity.The orifice 
model proposed by Sugiyama (1980)[3]was used 
to predict pressure drop in this layer as follows: 
( )
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 (2) 
In Eq.(2), the orifice coefficient (C) is given 
by 20.597 0.011 0.432C m m= − + ,where fractional 
opening aream is expressed as 
, bed contraction 
ratio,Srin terms of bed height,L at any time 
instant and initial bed height,Lo is given 
as , particle diameter ratio,γ, after 
and before shrinkage is empirically related to 
contraction ratio Sr as , and 
α=0.8 is an empirical correction factor applied to 
bed porosity. 
Variation in the ferrous layer porosity in Eq. (2) 
was accounted for in two different ways. Firstly, 
porosity was expressed as a ratio of equivalent 
heights of pores to available bed height. 
Incorporating interstitial pores (inter-particle 
porosity), the bed porosity was given as[6]: 
1 c
inter
Fe c
H H
H H
ε
−
=
−
  (3) 
Particle surface pores (intra-particle porosity) 
were included as[6]: 
( )1 1 2min , c
intra
Fe c
H H H H
H H
ε
+ −
=
−
 (4) 
Finally, a combination of both porosities was 
included and expressed as follows[6]: 
1 21
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 (5) 
whereHc is bed contraction (m),equivalent height 
of ferrous layer porosity is given as 
1 , ,Fe bed Fe bedH Hε= ,intra-particle porosity is 
( )2 , , ,1 Fe bed Fe particle Fe bedH Hε ε= − , and equivalent heightof the 
ferrous particles themselves is given as: 
( )( )3 , , ,1 1Fe bed Fe particle Fe bedH Hε ε= − − .  
To account for the melt fractionin the ore, 
thermodynamic calculations in the temperature 
range 800-1500oC were performed using 
FACTSAGE (ver-7.1) based on the ore 
composition and experimentally obtained degree 
of reduction. Total solid volumes (Vs), liquid 
volumes (Vl) and bed volume (Vbed) were 
calculated andeffective fractional opening area, 
m in Eq. (2) accounting for liquid phase was 
obtained as: 
( )1 /s l bedm V V V= − +   (6) 
where, ( ) 01bedV Sr V= − and 0V is the initial bed 
volume (m3) before the experiment.  
Additional pressure drop for gas flow through 
multiple holes at the inlet and outlet 
connectionsof the setup were also considered and 
computed using Hagen-Poiseuille equation as: 
            
4
128 g f f
h
Q L
P
D
µ
π
 
∆ =   
 
            (7) 
Where, Qgis the gas flow rate (m3/s), Lf=0.01 m 
is length of the inlet and outlet connectors, Dh is 
the hole diameter(m) of the gas inlet and outlet. 
Total pressure drop of the system was computed 
by accounting for the three separate layers and 
the pressure loss obtained from Eq.(7). 
4. Results and Discussion 
Fig.1.presents a typical SMT result showing the 
reduction ratio, bed contraction profile, and bed 
pressure drop with temperature. It is noted that 
pressure drop follows a few different regimes (to 
be discussed in details later). There is almost no 
change in pressure drop up to ~1000oC,although 
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the bed contracts by ~ 15% due to the softening 
of particles and mechanical deformation under 
the applied load. Bakker and Heerema 
(1998)[7]also reported that in the softening stage, 
pressure drop does not increase rapidly due to 
the fact the interstitial pores still remain open. As 
the temperature is increased beyond 1000oC the 
pressure drop increases to ~ 1 kPa at ~ 1200oC, 
where bed contraction is ~ 60%. In this 
temperature range the melt is thought to initially 
fill up the surface pores (intra-particle pores) 
within the microstructure of the metallic iron 
shell of the ore material.Beyond 1200oC, 
pressure drop rapidly increases, reaching a 
distinct peak at ~ 1500 oC. The peak occurs due 
to exuding primarily FeO containing molten slag 
from the surface pores of the ore particles, which 
fills up the inter-particle pores and creates 
significant resistance to gas flow. A steep fall 
follows the pressure peak due to downward 
movement of molten material through the coke 
layer underneath; which is confirmed by sighting 
material dripping from the system.  
Interrupted tests were conducted to extract 
materials at various stages of deformation to 
identify the structural changes occurring in the 
burden. Ore samples taken at 1080, 1200 and 
1300oC were analysed using µCT scan (voxel 
size ~ 31.5 µm) at the Australian Synchrotron, 
Melbourne to determine the spatial variation in 
bed porosity. At temperature above 1300oC, 
some difficulty was experienced regarding 
sample penetration of X-ray beam using CT 
scanning approach for the imaging 
purpose.Consequently, for the sample taken at 
1450oC, neutron tomography (voxel size ~ 50 
µm) was utilised at ANSTO, Sydney which has 
higher penetration capability for dense metallic 
iron samples.  
Fig.2.presents the tomographic images of the bed 
and corresponding porosity profiles obtained 
from these measurements. It is apparent that 
ferrous layer height in the middle of the bed 
decreases at elevated temperature due to 
softening and melting. Consequently, bed 
porosity decreases significantly, which explains 
the increase in the experimentally measured 
pressure drop profile in the temperature range 
~1200 to 1500oC presented in Fig.1.A 
temperature dependent bed porosity profile was 
obtained from these measurements by fitting a 
power law trend (R2~0.77) as:  
                      
*4.010.0442 /inter Tε =          (8) 
where T* is the non-dimensional temperature 
normalised by the highest measurement 
temperature. 
 
Figure 1Typical SMT results showing bed 
contraction, reduction ratio (primary axis) and 
pressure drop (secondary axis) with temperature. 
 
 
 
 
Figure 2Spatial variation in bed morphology as 
measured by CT scan (CTS)at a)1080oC, b)1200oC 
c)1300oC and neutron scan (NS)at d) 1450oC 
In Fig.3, variations in combined bed porosity          
(εcomb) based on contraction data using Eq. (5) 
are compared with the height averaged porosity 
values obtained from Fig.3. In general, the bed 
porosity profile including the effect of both inter- 
and intra-particle porosity agrees well with the 
tomographic measurements within the 95% 
confidence interval level - except at 1450oC 
which itself showed a counterintuitive larger 
porosity value compared to the declining 
(a) (b) 
(c) (d) 
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porosity trend determined from the CT scan 
measurements.At this temperature, the fused 
ferrous layer and exuded liquids merge with the 
coke layer leading to some uncertainties in 
determining the ferrous layer porosity.  
Pressure drop is treated as the single most 
significant parameter to characterise the bed 
permeability which is expressed as the integral of 
pressure drop profile over the cohesive zone 
temperature range. In the pressure drop profile 
shown in Fig.1, four separate regimes with 
increasing temperature were identified and 
presented in Fig.4. These include a linear regime 
(R1) where bed contraction remained nearly 
unchanged (<5%), a second linear regime (R2) 
wherein the bed contraction increased with 
temperature linearly (~20%), a non-linear region 
(R3) where contraction varied linearly with 
temperature (~50%) and a second non-linear 
regime involving the pressure peak (R4) wherein 
contraction (~80%) also showed non-linear 
dependency on temperature.  
 
Figure 3Comparison bed porosityestimated from bed 
contraction data accounting for combined inter and 
intra particle porosity (Eq.5)with 95% confidence 
interval level (top and bottom dotted lines) with the 
CT scan (1080, 1200 and 1300oC) and neutron scan 
(1450oC) measurements 
A comparison of three different modelling 
approach with the experimental measurement is 
presented in Fig.4. 
 
Figure 4Comparison of bed pressure drop measured 
in experiment and three different model predictions 
Both model 1 (Eq.2) and model 2 [Eq.2 modified 
by Ichikawa (2015) introducing melt fraction] 
predict steep pressure rise indicatingdivergence 
at ~ 1200oC. This behaviour is attributed to the 
singularity dependency of the Sugiyama 
(1980)3model on bed porosity and contraction 
ratio both of which approach zero above the 
threshold of liquidus temperature.Numerically, 
the fractional opening area m approaches zero at 
higher contraction ratio (Sr>0.6). To prevent the 
predicted pressure drop from divergence, model 
3was utilised which uses the Ergun equation 
[Eq.(1)]withtwo different temperature dependent 
porosity ( interε )profiles forregime R1 and R2 to 
R4, using Eq. (3) and Eq. (6) respectively. It is 
apparent that model 3 overcomes the divergence 
problem and predict pressure drop reasonably 
well (RMSD ~ 1 Pa) over the entire range of 
operation including the pressure peak and 
declining trend afterwards due to depletion of the 
ferrous layer.  
5. Conclusion 
Structural change in the ore bed during 
softening and melting test was analysed using 
µCT and neutron scanning techniques and a 
power law type temperature dependent bed 
porosity profile was obtained. Pressure drop 
analysis was performed using various 
modelling approaches. It was demonstrated 
that while other models indicate divergence at 
higher temperature due to vanishing bed 
porosity, the Ergun equation with the aforesaid 
measured porosity profile could be utilised to 
predict the pressure drop reasonably well. This 
provides a possibility to predict the cohesive 
zone behaviour in real scale blast furnace 
models utilising ore specific porosity variation 
profiles. 
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Abstract: Packing and distribution of different constituents of the granular feed (pellets, sinter, iron ore etc.) 
plays a crucial role in determining the efficiency of the blast furnace. Since the direct measurement of these 
quantities in the granular bed remains challenging, discrete element method (DEM) simulations can be used to 
estimate various relevant properties of the granular bed. In this regard, characterization of the sinter and pellets 
used in the blast furnace is done in this study to simulate their behaviour using DEM simulations. Laboratory 
experiments have been performed to measure the angle of repose and the bulk density for both pellets and sinter. 
In addition, dynamic angle of repose has been measured in a rotating cylinder setup for six different rotation 
speeds of the cylinder. DEM simulations are performed in identical setups and the simulation parameters are 
calibrated using the experimental results for both pellets and sinter. 
 
Keywords: DEM Simulations, dynamic angle of repose, sinter, pellet. 
 
1. Introduction 
The blast furnace feed mainly contains mixture 
of sinter, pellet, iron ore & coke. These 
components differ with each other in shape, size 
and density, each of which may significantly 
affect the flow & packing of the bed as well as 
the burden distribution. The difficulties and 
complexities associated with experimental 
observations inside the blast furnace can be 
partially overcome by utilizing DEM 
simulations, which are widely used to simulate 
granular behaviour. However, the 
characterization of the feed component and 
choosing the optimal simulation parameters in 
DEM simulations is a prerequisite for any 
realistic simulation. Rotating cylinder and chute 
flow geometries are commonly used to simulate 
and characterize particles such as glass beads, 
mustard seeds, acerola polystyrene beads, 
rubber, steel balls etc.[1-6] 
Few researchers have tried to calibrate DEM 
parameters for simulating pellet & sinter 
particles[5-8]. Hertz Mindlin no-slip contact 
model is commonly used by the researchers and 
both spherical particles as well as clump of 
spheres have been considered to model sinter and 
pellets. It is observed that angle of repose doesn’t 
depend significantly on the coefficient of 
restitution and is affected primarily by inter-
particle sliding and rolling friction 
coefficients[4,5,9,10]. The packing fraction 
decreases with increase in rolling friction 
coefficient [11]. 
Particle density seems to have minimum effect 
on dynamic angle of repose in rotating 
cylinders[4,10] and the particle-wall rolling 
friction also has relatively small influence in this 
geometry[1,4,5,12]. In addition, it is reported that 
the coefficient of sliding friction on end walls 
affects the dynamic angle of repose very 
significantly[4,9]. Further, the coefficient of 
sliding friction on the inner side wall of the 
cylinder seems to play little role as long as it is 
sufficient enough to avoid the sliding of 
particles[4]. 
From the available data in literature, we identify 
the key parameters that need to be carefully 
measured or calibrated. These include the end-
wall friction coefficient and particle-particle 
rolling friction coefficient. While the former can 
be measured with reasonable accuracy using 
table top experiments, the rolling friction needs 
to calibrated from DEM simulation[13]. A 
reasonable value of all other simulation 
parameters is chosen based on literature. We 
perform experiments to measure the angle of 
repose, bulk density and dynamic angle of repose 
for sinter and pellets. These experimental results 
are then used to calibrate the key simulation 
parameters to be used in DEM simulations. Our 
results indicate that both nearly spherical pellet 
particles as well as highly irregular sinter 
particles can be simulated using spherical 
particles by appropriately choosing the rolling 
friction along with other simulation parameters. 
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2. Experimental method 
Two key components of the blast furnace feed, 
namely sinter and pellets are characterized in this 
study. Pellets of size 10-15mm and sinter of size 
8-10mm are used in this study. The angle of 
repose is measured by pouring the material from 
a completely filled cylindrical hopper of 
diameter 18±0.2 cm and height 58±0.1 cm 
(having a sufficiently large opening[14] at the 
base) into the collection container as shown in 
Fig. 1a. An acrylic container of diameter 30±0.2 
cm and inner height 32.5±0.1 cm is used as the 
collection container in which the heap is formed. 
Particles from the cylindrical hopper fall into the 
collection container forming a heap shown in 
Fig. 1b. The distance between discharge point 
and container base is fixed at 38±0.1 cm.  
 
 
 
 
 
 
 
 
 
A laser tape (Bosch GLM40, accuracy ±0.2cm) 
is used to measure the distance of the heap from 
the top at 15 different radial positions (including 
the centre) along the diameter. This measurement 
is done at 8 different angular positions (fig. 1b-
inset). These measurements enable the 3d 
visualization of the heap surface shown in Fig. 
1c. Fig. 1d shows the variation of the height of 
heap surface with the distance from the base for 
the measurements along different angular 
positions. The thick black line indicates the best 
fit to the data points and the angle of repose is 
calculated form the slope of this line. We note 
that this enables much more accurate 
measurement of the angle of repose of the heap, 
as opposed to the conventional method where the 
slope of line joining the top most and bottom 
most point of the heap is used. 
To measure the bulk density, the material is 
poured from the same cylindrical hopper set-up 
into a bulk density container (inner diameter 
17.9±0.13 cm and inner height 19.3±0.05 cm) 
and the excess material above the height of the 
container is carefully removed without disturbing 
the packing inside the cylinder. The bulk density 
is measured by calculating the ratio of the mass 
of the material in the container to the volume of 
the container.  
 
 
Figure 2 (a) Rotating tumbler set up (b) Cropped 
image near the centre of free surface (c) Free surface 
shape obtained from image processing (d) Dynamic  
angle of repose is obtained from the slope of the best 
fit line (thick line) through the data of the free surface 
shape using 360 curves shown in part (c). 
The measurement of dynamic angle of repose is 
done in a rotating tumbler (Fig.2a) of diameter 
30±0.1cm. The gap between the end walls is 
fixed at 10cm. An AC stepper motor is used to 
obtain the desired rotational speed in the range of 
2-15rpm. The dynamic angle of repose is 
measured at six different angular speeds and the 
experiment is repeated three times for each 
angular speed. The rotating cylinder is half filled 
with the material, by taking the appropriate 
amount of the sinter and pellets in accordance 
with the bulk density of the material. A white 
drawing sheet at the bottom of the cylinder is 
sandwiched between the cylinder surface and a 
thin glass sheet to get good contrast while 
imaging. An identical glass sheet is also attached 
at the front wall to ensure that surface properties 
of the two end walls are identical. Dispersed 
source of light from the three sides is provided to 
avoid reflection on acrylic cylinder and help in 
processing of the images. 
To measure the dynamic angle of repose, videos 
of the rotating tumbler are captured using 
iPhone7 plus at 120 fps for a total period of 15 
 
Figure 1 (a) Experimental set-up for measuring 
angle of repose (b) A laser tape is used to measure 
the height of heap along 8 lines shown in the inset (c) 
3-D shape of the heap as measured by laser tape (d) 
Slope of the linear fit to all the data along 8 lines is 
used to obtain the angle of repose. 
3-D heap,  
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seconds. The captured video is converted into 
images and the images are cropped to obtain the 
free surface near the centre (Fig. 2b). MATLAB 
image processing toolbox is used to threshold the 
images and obtain the free surface shape shown 
in Fig. 2c. Out of the total 1800 images captured 
in 15 sec duration, data from 360 images is used 
to obtain the best fit line to capture the time 
averaged shape of the free surface. The 
experiment is repeated three times to obtain the 
average and standard deviation of the slope of 
the fitted lines, used to obtain the dynamic angle 
of repose for a particular angular speed.  
3. DEM simulation  
DEM simulations are performed with EDEM® 
software. Hertz-Mindlin no slip with RVD 
Rolling friction contact model is used. The 
density of the particles have been obtained in 
laboratory experiments and particle size 
distribution has been obtained from imaging the 
particles and measuring the equivalent diameter 
of the projected area[15]. DEM simulations for a 
rotating cylinder, half filled with spherical 
particles, are performed for a total time of 32 
seconds for both pellet and sinter particles. The 
rotating tumbler geometry is of identical 
dimensions as used in experiments and the 
material properties of the acrylic are used.  The 
value of the particle-particle friction coefficient 
is assumed to be identical to the tangent of the 
angle of repose measured from the heap forming 
experiments. The values of the particle wall 
sliding friction coefficients (s,pw) have been 
obtained by measuring the inclination angle at 
which the particles start to slide on the respective 
surface. Note that the sliding friction coefficient 
for the flat end walls (glass surface), and curved 
side walls (acrylic surface) differ significantly 
from each other and we use these values in our 
simulations. Particle-particle rolling friction 
coefficient values have been calibrated by 
performing DEM simulations for different values 
and choosing the most appropriate value which 
shows good agreement with the experiments. 
Since the particle-wall rolling friction does not 
affect the dynamics angle of repose[1,4], it has 
been assumed to be equal to the particle-particle 
rolling friction coefficient. The key simulation 
parameters used in EDEM® are listed in Table 1.  
Fig. 3 shows a snapshot of the particle positons 
obtained from the simulations and the inset 
shows the best fit line obtained by combining the 
data near free surface at different time instants. 
The slope of this best fit line is reported as the 
dynamic angle of repose. This value is obtained 
for 3 such sets and the mean and standard 
deviations are calculated and reported in Fig. 4 
using open symbols. 
Table 1 Parameters used to simulate the behaviour of 
pellets and sinter in EDEM 
Particle Simulation Parameters 
epp=epw s,pp s,pw r,pp p 
 
Pellet 0.5 0.49 0.19 (FEW*) 
0.38 (CSW#) 
0.07 3100 
kg/ m3 
Sinter 0.5 0.55 0.18 (FEW) 
0.38 (CSW) 
0.2 3050 
kg/ m3 
* FEW: flat end walls; # CSW: curved side wall 
 
 
Figure 3 Snapshot from the simulations. Particles in 
the region marked by dotted lines are considered to 
calculate the dynamic angle of repose. Inset shows the 
combined data for 22 instants at intervals of 1s and 
the thick line represents the best linear fit 
4. Results and Discussion  
We first report the results for the dynamic angle 
of repose as obtained from experiments and 
EDEM simulations. Fig. 3 shows the dynamic 
angle of repose for both pellets and sinter using 
filled symbols. As expected, that the dynamic 
angle of repose of irregular shape sinter particles 
is found to be higher than that for the nearly 
spherical pellets. In accordance with other 
studies[1,4], the dynamic angle of repose is found 
to increase linearly with the RPM of the cylinder.  
The simulation results are shown using open 
symbols. The value of the particle-particle 
rolling friction coefficient is 0.07 for pellets and 
0.2 for sinter. These values are obtained by 
performing the simulations for different values 
of r,pp and then choosing the value which gives 
good agreement with the experiments. The angle 
of repose and bulk density simulations are then 
performed using these values in simulations 
using identical setups as used in the experiments. 
The results obtained from the simulations as well 
as experiments are reported below in Table 2. 
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Figure 4 Dynamic angle of repose for different 
angular speeds (RPM) of the cylinder measured from 
experiments (filled symbols) and EDEM simulations 
(open symbols) for pellet and sinter particles. 
Table 2 Angle of repose and bulk density of pellets 
and sinter from experiment and simulation 
 
The simulations results are in very good 
agreement with experiments (within the limit of 
the errors) for both the materials.  
4. Conclusion 
Two key components of the blast furnace feed, 
namely sinter and pellets are characterized 
through experiments and DEM simulations. The 
bulk density, angle of repose in heap formation 
and dynamic angle of repose in rotating cylinder 
have been carefully measured in Experiments. 
Relevant DEM simulation parameters have been 
obtained from lab scale experiments and the 
appropriate value of the inter-particle rolling 
friction coefficient has been calibrated for 
spherical particles. Using the appropriate values 
of the simulation parameters, we show that it is 
possible to get very good quantitative agreement 
with experiments not only for nearly spherical 
pellet particles but also for highly irregular sinter 
particles using spherical particles in simulations.  
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Particle 
Type 
Angle of Repose Bulk density 
Experiment 
(degrees) 
Simulation 
(degrees) 
Experiment Simulation 
Pellet 
(10-15 
mm) 
26.01± 0.5 26.43 ± 
0.05 
1943.65 ± 
38.62 
kg/m3 
1930.24 
kg/m3 
Sinter 
(8-10 
mm) 
28.86.± 0.5 28.16 ± 
0.20 
1683.15 ± 
40.26 
kg/m3 
1722.9 
kg/m3 
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Abstract: In the present study, to investigate the influence of the surface structure of coke on motion of liquid, 
sliding angle of droplet, the advancing and receding contact angles of mercury and water on coke substrate were 
investigate in room temperature. The surface structure of the coke substrate was varied by heating in CO-CO2 or 
CO2 atmospheres at 1273 K. The fine irregularities of the coke surface modified by the gasification reaction of the 
carbon decrease the sliding angle of droplet and increasing dynamic contact angles. Fine irregularity significantly 
changes the sliding angle of small droplet. A possibility was shown that liquid flow in blast furnace can be 
promoted by controlling the property of metallurgical coke. 
 
Keywords: Blast furnace, gas permeability, liquid flow, coke bed 
 
1. Introduction 
The operating condition of blast furnace is 
changing to low carbon rate operation. Gas flows in 
the lower part of a blast furnace such as the 
cohesive zone and dripping zone, have a significant 
influence on the productivity and stability of 
ironmaking processes. Under the low carbon rate 
operation, the gas permeability tends to be 
decreased. For increasing gas permeability of the 
cohesive zone, many study had been conducted[1]. 
In the packed bed of the dripping zone, gas blown 
from tuyeres ascends, and molten iron and slag 
descend. When a large amount of liquid 
accumulates in a coke bed, flooding occurs, and the 
gas permeability is significantly decreased. In order 
to mitigated hold up of liquid, relationship between 
physical property of slag and wettability, and the 
amount of hold-up had been investigated[2]. The 
static hold up is strongly influenced by the 
wettability. The motion and hold-up of the liquid on 
solid surfaces are affected by the wettability, 
contact area, void fraction, particle shape, and 
particle size of the packed bed. The wettability is 
evaluated using the contact angle. Under a good 
wettability condition, liquid is held up around the 
contact point between packed materials[3,4]. On the 
other hand, under a poor wettability condition, a 
capillary force holds up the liquid at a narrow neck 
of the packed bed[5]. The hold-up of the liquid is 
influenced by the contact angle, surface tension, 
and packed layer structure, as described above.  
Since the surface structure of coke changes as the 
reaction of carbon with CO2 or iron oxide, 
wettability and motion of liquid in the coke-packed 
bed may change depending on changing in physical 
property of coke surface[6]. 
 
In the present study, the change in the dynamic 
contact angle of a droplet on a non-smooth surface 
was investigated to determine the movement of 
molten iron and slag on the coke in a blast furnace.  
The advancing and receding contact angles, and 
sliding angle of a water droplet on a substrate with 
controlled wettability and roughness and a mercury 
droplet on a cross section obtained by cutting the 
coke were measured. The coke substrate is reacted 
with CO/CO2 gas at 1273 K, and the surface 
structure is changed.  
2. Experimental procedure 
2.1 Sample preparation 
To measure the advancing and receding contact 
angles and sliding angle, ion-exchanged distilled 
water and reagent grade mercury were employed as 
specimens. A coke substrate of 40×30×4 mm3 was 
prepared by cutting a sample of metallurgical coke 
of the kind used in blast furnaces. The surface was 
polished. The surface of the coke was treated by the 
following gasification reaction: 
C (s) + CO2 (g) = 2CO (g)  (1)  
The coke substrate was held at 1273 K in a 
horizontal electric resistance furnace for 0-8 h. The 
atmosphere in the reaction tube was filled with a 
CO/CO2 ratio of 1/1 or with pure CO2 gas. For the 
measurement of the contact angle of water, the coke 
substrate was first penetrated with a fluorine-based 
water repellent and then dried. The contact angle of 
water on a solid surface using this fluorine-based 
water-repellent agent is about 100 °. The surface 
roughness of the coke (Ra) was analyzed using a 
laser microscope.    
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Figure 3 Advancing and receding contact angles 
of water on graphite 
Photographs of the coke substrates used for the 
experiments are shown in Fig. 1[7]. Shown in the 
figure are samples (a) with no heat treatment, (b) 
heated at 1273 K in CO/CO2 for 2 h, (c) 4 h, (d) 8 h, 
and (e) heated in CO2 for 8 h. With increasing 
reaction time, the coke samples shrink slightly, and 
their color becomes darker. According to the 
observation of the coke surface, there are large 
pores more than 0.1 mm in size and fine 
irregularities formed on the coke matrix by the 
gasification treatment. Ra for the sample a) to e) are 
0.054, 0.058, 0.024, 0.052 and 0.125mm, 
respectively. 
2.2 Experimental procedure  
A schematic of the experimental apparatus for 
measuring advancing and receding angles is shown 
in Fig. 2. A substrate was placed horizontally, and a 
syringe was fixed above it. In order to measure the 
stable contact angles during advancing and 
receding, the expansion and contraction of the 
droplets were carried out slowly.  
The shape of a sample in the experiment is shown 
in Fig. 3. Water was injected and aspirated on a 
water-repellent aluminum plate. The dark colored 
vertical line and lower part are the needle and 
substrate, respectively. In Fig. 4, (a)–(c) and (d)–(f) 
represent expanding and contracting samples and 
show the contact angles during advancing and 
receding, respectively. The contact angles of (a)–(c) 
are larger than those of (d)–(f). The position of the 
triple point repeatedly moved and stopped. 
Therefore, the dynamic contact angle varied 
according to the time that the image was taken. The 
standard deviation indicates the scale of the 
variation in the contact angle. 
For measuring sliding angle of droplet, a stage that 
can tilt was installed to the experimental apparatus. 
A prescribed amount of droplets was placed on the 
stage, and the stage was tilted slowly. The angle 
when the drop slides off was measured. 
3.Experimental results 
3.1 Dynamic contact angle of mercury on coke 
Advancing and receding contact angles of mercury 
on coke are shown in Fig. 4[7]. Solid and open 
circles denote, respectively, the advancing and the 
receding contact angles. Labels on the horizontal 
axis represent the kind of the substrate. During each 
expansion and contraction event, six still images of 
the mercury droplet were captured from the movie. 
Then, the average and the standard deviation are 
derived. For comparison, contact angles on glassy 
carbon[8] are also shown as representative of angles 
on a flat substrate without pores. Advancing and 
receding contact angles of mercury on the coke 
substrates were within the range154–168°. The 
advancing angle is nearly the same as the receding 
angle, being only slightly larger. The contact angle 
slightly increases with an increase in substrate 
Figure 1 Appearance of coke substrate heated at 
1273K for a) 0h, b) 2h, c) 4h, d) 8h and e) 8h 
Figure 2 Experimental procedure for measuring 
advancing and receding angles 
 
Figure 4 Advancing and receding contact angles of 
mercury on carbonaceous materials 
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reaction time. Influence on the contact angles of the 
finer irregularities formed by the gasification 
reaction of coke is small. On the other hand, the 
advancing and receding contact angles on glassy 
carbon are smaller than those on coke; the 
wettability of mercury decreases as the surface 
roughness increases. 
3.2 Dynamic contact angle of water on coke 
Advancing and receding contact angles of water on 
the coke are shown in Fig. 5[7]. Solid and open 
circles denote average advancing and receding 
contact angles, respectively. As in Fig. 5 labels on 
the horizontal axis represent the kind of the 
substrate. The error bar represents the standard 
deviation derived from six photographs. The 
advancing and receding contact angles on a flat 
substrate penetrated with water repellent were 131 
and 68°, respectively[8]. The advancing contact 
angle of water on coke varies within the range 
152–169° and is larger than that on a flat substrate. 
Moreover, the advancing contact angle lies in the 
range 150–170°, and there is very little influence of 
heat treatment on the advancing contact angle. 
The receding contact angle of water on coke varies 
over a wide range of 51–158° depending on the 
gasification reaction. The angle on un-heated coke 
is smaller than that on a flat substrate without pores; 
however, the angle on coke increases with the 
progress of the coke gasification reaction. 
3.3 Sliding angle of water droplet 
The sliding angle of water droplet on various 
substrate was measured and shown in Fig. 6. The 
sliding angle decreases with an increase in volume 
of droplet. The angle on non-treated coke was 
larger than that on the water repellent flat glass. 
However, those on treated coke were smaller than 
on the glass. The angle was decreased with an 
increase in reaction time. The relationship between 
the critical contact angle of the droplet and the 
advancing contact and receding contact angles can 
be derived [9]. 
 
𝐴𝜌𝑔
𝛾𝑔𝑙
sin 𝛼 = 𝑐𝑜𝑠𝜃𝑅 − 𝑐𝑜𝑠𝜃𝐴 (1) 
Here, sin α is the critical angle related to the sliding 
angle. Equation 1 shows difference of advancing 
and receding angles is directly related to the sliding 
angle. Value of 𝑐𝑜𝑠𝜃𝑅 − 𝑐𝑜𝑠𝜃𝐴 id derived from 
Fig.4, and shown in Fig. 7[7]. The value decreases 
with an increasing in the gasification reaction ratio. 
However, the difference of 0h and 2h was not so 
significant. 
 
 
Comparing 𝑐𝑜𝑠𝜃𝑅 − 𝑐𝑜𝑠𝜃𝐴  in Fig. 7 and α in Fig. 
6, it was found that the sliding angle of water is not 
directly related to the advancing and receding 
contact angles. When liquid volume is large enough 
the three point of gas-liquid-solid moves with 
sliding on the coke, meanwhile when contact angle 
was large such as small droplet of water on the coke 
gasified, the droplet was rolling on the coke. 
Therefore Eq. 1 was not appropriate for analyzing 
the rolling behavior of small droplet. For analysis 
of trickle flow in the packed bed, it is also necessary 
to consider the dispersion state of the liquid phase.  
 
 
 
Figure 5 Advancing and receding contact angles 
of water on carbonaceous materials 
 
Figure 6 Sliding angle of water droplet on 
carbonaceous materials 
 
Figure 7 Difference between advancing and receding 
contact angle 
of water on water-repellent coke. 
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4. Conclusions 
In this study, with the goal of understanding the 
motion of molten iron and slag on the surface of 
coke in a blast furnace, the dynamic contact angle 
of a droplet on a coke surface was measured. The 
coke substrate was reacted with CO-CO2 gas 
mixture or pure CO2 gas at 1273 K, and the surface 
structure was consequently changed. The 
relationship between the surface structure and the 
change in advancing and receding contact angles 
was investigated, and the following conclusions are 
obtained.  
1) The gasification reaction with CO2 increases 
exposed ash on the coke surface, and the finer 
irregularities (approximately several μm in size) are 
formed around the ash. 
2) The difference of advancing and receding angles 
of liquid on coke (𝑐𝑜𝑠𝜃𝑅 − 𝑐𝑜𝑠𝜃𝐴) decreases with 
the gasification reaction of coke. 
3) When contact angle of liquid is over 90 degree, 
the gasification reaction of coke with CO2 
significantly decreases the sliding angle of liquid.  
Form present study, it is found that the hold up of 
liquid in packed bed in the blast furnace would be 
less than in packed bed of the non-reacted coke.  
Influence of surface structure changes with the 
dispersion state of liquid phase. Moreover, in high 
temperature, the reaction between liquids with coke 
and the existence of ash on coke would change the 
wetting phenomena. Therefore, hold up phenomena 
would be changed with controlling property of the 
coke. 
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Abstract: In an carbon constrained world, green house gas emissions is of paramount importance, but that does not 
let us forget about other dangerous emissions like HAP metals. Manganese and Lead emissions from steel plants are 
becoming a key issue with more and more stringent environmental restrictions on Hazardous Air Pollutant (HAP) 
metals across the globe. Interestingly, there needs to be a thorough understanding of the mechanisms of Mn and Pb 
emissions in order to set realistic and achievable permit limits. In the present study, an attempt was made to 
understand the mechanisms of Mn and Pb emissions from steelmaking furnaces, and to develop predictive models to 
estimate Mn and Pb emissions for changing operational scenarios. Some examples from BOFs; ladle furnaces and 
EAFs have been reported considering various operational parameters such as: oxygen flow rate, blowing duration, 
Hot Metal (HM) Mn Wt %, scrap Mn Wt %, Raw Material Chemistry, and operating conditions of the dust capture 
system. 
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1. Introduction 
Manganese emission to the environment is 
becoming a major concern for all environmental 
regulatory bodies around the globe, and stringent 
permit limits are being imposed. Manganese is 
among the trace elements least toxic to mammals; 
however, exposure to extremely high 
concentrations, from different sources, has resulted 
in adverse human health effects. Manganese 
poisoning is characterized by progressive 
deterioration of the central nervous system, 
sometimes accompanied by unrelated pneumonitis. 
The majority of cases have been associated with 
the breathing of manganese dust or fumes from 
mining or metallurgical operations. In the early 
stages of poisoning, removal of the victim from the 
polluted environment usually reverses the 
poisoning ; however, in chronic cases, the effects 
of exposure to high Mn concentrations on the 
central nervous system are not completely 
reversible and may lead to neurotoxicity, or 
possibly reprotoxicity. Depending on the level of 
exposure, lead can adversely affect the nervous 
system, kidney function, immune system, 
reproductive and developmental systems and the 
cardiovascular system.  Lead exposure also affects 
the oxygen carrying capacity of the blood.  The 
lead effects most commonly encountered in current 
populations are neurological effects in children and 
cardiovascular effects (e.g., high blood pressure 
and heart disease) in adults.  Infants and young 
children are especially sensitive to even low levels 
of lead, which may contribute to behavioral 
problems, learning deficits and lowered IQ. There 
are several hypotheses for the mechanism of dust 
formation in steelmaking furnaces. They are: direct 
hot metal vaporization, and hot metal/slag ejection 
by CO bubble bursting or mechanical action. It is 
difficult to say which is the dominant mechanism, 
but studies indicate that the mechanism changes 
during the oxygen blow time. Vaporization 
typically occurs due to local hot spots that are 
generated by highly exothermic reactions during 
oxygen blowing in the steelmaking process. 
Various studies indicated that the local hot spot 
temperature could be in the range of 2100-3050 
oC.[1] When fume particles are formed entirely by 
the condensation of vapors, then the highly volatile 
elements (e.g. Mn, Pb, Zn) get enriched in the 
fume. In the temperature range of 1400-2100OC 
the vapor pressure of Mn is 100-1000 times higher 
than that of iron; hence, analyses of fumes 
produced solely due to vaporization show Mn/Fe 
ratios in the order of 30 -150 times compared to 
the Mn/Fe ratio in the bath. Typically dust particles 
formed as a result of the vaporization mechanism 
can be identified by their octagonal (FeFe2O4) or 
rhombohedral (Fe2O3) shape.  The other 
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mechanism is dust formation by hot metal/slag 
ejection by CO bubble bursting or mechanical 
action of the impinging jet.  These dust particles 
are spherical in shape. Also, the Mn/Fe ratio in the 
fume is almost equal to the Mn/Fe ratio in the bath 
as there is no vaporization involved.  In reality, 
steelmaking dust is formed by a combination of 
both mechanisms and can be tracked by plotting 
the Mn/Fe ratio in fume to the Mn/Fe ratio in bath 
with blowing time (Figure 1). Goetz[1] in his 
studies in 1980 indicated that large ratios imply a 
mechanism of direct vaporization whereas a low 
ratio indicate metal/slag ejection as the mechanism 
of dust formation. 
 
 
 
Figure 1 Variation of Mn/Fe ratio of the dust over that 
of the bath with blowing time [1] 
 
Evidently, metal/slag ejection by CO bubble 
bursting or mechanical action is the dominant 
mechanism of dust formation at the beginning of 
the blow. However, towards the end of the oxygen 
blow, vaporization becomes more dominant. This 
finding has been reconfirmed by Tsujino et al[2]. in 
1989, Nedar[3] in 1996 and Gritzan and 
Neuschutz[4] in 2001. Nedar[6] also concluded that 
60-70% of the dust is formed by metal/slag 
ejections (bubble bursting) mechanism; whereas 
the other mechanisms contribute the remaining 
30%.  
The dust generation rate in the BOF decreases 
rapidly with blowing time. Goetz[1] showed some 
typical curves to represent dust generation rate 
versus oxygen blowing time in an experimental 
BOF.  The general trend of decreasing dust 
generation rate with blow time was confirmed in 
all cases of normal practice and this phenomenon 
has been reported by many authors in the 
literature[7]   
 
 
Figure 2 Relative dust generation rate versus blowing 
time for different vessel sizes [4]                                    
(Oxygen flow rate was constant throughout the blow 
period) 
2. Basic Oxygen Furnaces 
BOF plants operate with varying levels of hot 
metal Mn and depending on the Mn input load, the 
amount of Mn in the dust and fumes will be 
affected based on the partition ratio. Some data 
from steel plants were considered for the Mn mass 
balance analysis[5,6] and the details are shown in 
Table 1. 
Table 1 Manganese concentration in hot metal for 
plants considered 
 HM Mn wt % 
Range for BOFs in 
North America 
0.2- 1 % 
Range for BOFs in 
Brazil 
0.4-0.7%  
 
Table 2 shows that for BOFs, 25-28% of the input 
Mn goes into the liquid steel, 69-71% into the slag 
as MnO, and 3-4% goes into the dust. Of course 
these partition ratios vary depending on the furnace 
operating conditions including temperature and 
partial pressure of oxygen. Considering the highly 
oxidizing nature in BOF furnaces, it is expected 
that the majority of the Mn will report to the BOF 
slag due to oxidation.  
Table 2 The distribution of Mn among liquid steel, slag 
and dust/fumes 
 % of Mn in OUTPUTS 
 
Liquid 
steel 
sla
g 
dus
t 
Average of 
two BOFs in North 
America[6] 
28 69 3 
Average of 
BOFs in Brazil[5] 
25 71 4 
 
0
5
10
15
20
0 5 10 15 20
Oxygen blowing time, minutes
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 About 3-4% of the input Mn goes into the BOF 
dust most of which should be captured by the ESP 
system. A well maintained ESP can easily prevent 
Mn emissions by capturing most of the solid dust 
particles. Data was collected from experiments 
conducted at a steel plant and particulate matter 
and Mn emission rates (kg/hr) were correlated with 
ESP operating/maintenance conditions. A 
summary of which is presented in Table 3 below.  
Table 3 PM and Mn emission rates from different ESP 
operating/maintenance conditions  
 
 
Mn 
kg/hr 
Mn 
Permit 
limit 
kg/hr 
PM in 
kg/hr 
PM 
Permit 
limit 
kg/hr 
ESP with 
minimal 
maintenance 
0.15 0.046 10 23 
Upgraded 
ESP 
0.06 0.046 6 23 
Upgraded 
and Well 
Maintained 
ESP 
0.04 0.046 3.5 23 
 
3. Ladle Furnaces 
Most of the alloying in steel is done at the ladle 
furnace, and thus it is important to see the partition 
ratio of Mn in the ladle furnace. Data was collected 
from two ladle furnaces in operation at a steel plant 
in North America. These particular ladle furnaces 
had a very low oxygen level as Al was added in 
majority of the heats at tap as well as at the ladle. 
Because of the low oxygen potential, very little Mn 
is lost in the slag as MnO. Table 4 below shows 
the distribution of Mn in the LRF. It is clearly seen 
that 99% of the Mn is retained in the liquid steel, 
0.78% goes into the slag and 0.001% goes into the 
dust. The low stirring energy and low oxygen 
potential at the LRF (as opposed to the BOF), 
ensures that most of the Mn is retained in the 
metal. Since the major mechanism of Mn 
emissions is by CO bubble bursting and 
mechanical action, these results are very 
reasonable. 
4. Electric Arc Furnaces 
Electric Arc Furnace steelmaking is a dominant 
route in North America and its essential to 
understand and predict emission footprints for 
EAFs. EAFs are able to accept 100 percent of 
scrap or a combination of hot metal, direct reduced 
iron (DRI), and scrap. Table 5 shows the 9 cases 
that were considered in the present research. All 
the cases were considered for a 150t EAF with a 
40-minute tap to tap time. The reaction 
temperature was assumed to be 1873K. The EAF 
was equipped with an emission capture system for 
emissions control. In today’s operations, there are 
many similarities between EAF and BOF 
operations. The mechanisms researched for BOFs 
will mostly apply to EAFs as well.  
Table 4 Distribution of Mn in the Ladle Refining 
 
Table 5 Nine input scenarios in a 150t EAF 
 
In 1970, Ellis[7] simulated an EAF operation in a 
laboratory scale induction furnace to observe dust 
generation, and examined the Fe/Mn ratio in the 
dust. In the EAF at 1873 K, the vapor pressures of 
Fe, Mn, Zn, and Pb are 0.000079 atm, 1 atm, 
105.17 atm, and 0.54 atm, respectively.  A mass 
balance and thermochemistry model of an EAF 
was developed and the 9 scenarios were tested to 
predict the average Fe/Mn and Fe/Pb ratios in the 
bath and the dust. For the EAF, the Mn distribution 
in the dust, slag and liquid steel is 10 %, 82%, and 
8% respectively, and the Pb distribution in dust 
and liquid steel is 40% and 60%, respectively with 
zero lead in the slag. The average values of 
case Iron Source Composition
1 50% Heavy Melt Scrap (1) + 50% Industrial Scrap
2 100% Dealer Bundles Scrap
3 100% P and S Scrap
4 100% Heavy Melt Scrap (2)
5 50% Hot Metal (1) + 50% Dealer Bundles Scrap
6 50% Hot Metal (2) + 50% P and S Scrap
7 50% Hot Metal (3) + 50% Heavy melt Scrap
8 50% DRI+50% Heavy Melt Scrap (2)
9 20% DRI+80% Dealer Bundles Scrap
 
Wt (kg) Mn% 
Wt of 
Mn 
(kg) 
% input 
INPUT 
Incoming 
steel ladle 
229500 0.21 482 60.22 
Ferroalloys 
added 
354 90.00 318 39.78 
Total Mn 
input  
800 
 
OUTPUT 
Mn in 
liquid steel 
226800 0.35 794 99.22 
Dust 
Based on dust 
generation rate and 
treatment time 
0.009 0.001 
Mn going 
in LRF 
slag 
The balance 6.26 0.78 
Total Mn 
Output  
800 
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𝐹𝑒
𝑀𝑛
 (𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑡𝑒𝑒𝑙)
𝐹𝑒
𝑀𝑛
 (𝑑𝑢𝑠𝑡)
 and 
𝐹𝑒
𝑃𝑏
 (𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑡𝑒𝑒𝑙)
𝐹𝑒
𝑃𝑏
 (𝑑𝑢𝑠𝑡)
 were predicted as 
112.99 and 60.46 respectively; from the mass 
balance model.  
Figure 3 below shows the predicted Mn and Pb 
emission rates from an EAF versus the imposed 
local permit limits. All the nine cases are presented 
here to demonstrate that under current operations, 
all of them will fail to comply.  
 
 
Figure 3 Predicted Mn and Pb emission rates from an 
EAF versus the local permit limit at a particular 
jurisdiction 
5. Conclusions 
Mn emissions is a concern because of its 
detrimental effects related to neurotoxicity and 
possibly reprotoxicity. The steel industry is one of 
the major sources of Mn emissions, and presently, 
higher Mn content in the ore is attributed to the 
increased amount of Mn in the earth’s crust, as it is 
being mined deeper and deeper. The higher Mn in 
the ore results in increased Mn in the hot metal 
which intern causes the problem of Mn emissions 
during basic oxygen steelmaking. The dominant 
mechanism of Mn emissions in the BOF is by 
mechanical action due to the supersonic jet, as well 
as CO bubble bursting, due to high oxygen 
potential. Pb is also volatile in nature and 
vaporizes out of the bath. The results show that as 
the hot metal Mn increased, the Mn in the slag and 
dust also increased proportionally. For a BOF, 
typically 25-30% Mn is retained in the steel, and 
65-70% goes into the slag, and around 3-4% goes 
into the dust. However, it is not a concern as long 
as the off gas cleaning systems is well maintained. 
This study showed that, for an upgraded and well 
maintained ESP, the stringent permit limits can be 
achieved.     When alloying is performed at the 
LRF/LMF, the conditions are significantly 
different. The oxygen potential and the stirring 
energy at the LRF/LMF are way lower than the 
BOF, and hence retention of Mn alloy in the steel 
is almost 99%, and very little ends up in the 
emissions. Therefore, for the production of high 
Mn steels, majority of the alloying should be 
performed at the LRF/LMF, resulting in little Mn 
dust emission. For the EAF, the Mn output 
distribution in the dust, slag and liquid steel is 10 
%, 82%, and 8% respectively, and the Pb output 
distribution in dust and liquid steel is 40% and 
60%, respectively with almost no lead in the slag. 
None of the nine cases considered were able to 
meet the permit limit imposed by the local 
regulatory authorities. Significant capital on 
emission control systems need to be invested in 
order to achieve these recent permit limits for the 
nine cases considered in this study.  
References 
1. F. Goetz: Master Thesis, McMaster University, 
(1980), p.2794.  
2. R. Tsujino, M. Hiral, T. Ohno, N. Ishiwata and T. 
Inoshita: ISIJ Int., 29(1989), p.291.  
3. L. Nedar: Steel Res., 67(1996), 320. 
4. Gritzan and D. Neuschutz: Steel Res., 72(2001), 
p.324. 
5. C.D. Barao, C.A.D. Silva, I.A.D. Silva: La Revue 
de Metallurgie-CIT, (2008), p.556. 
6. K. Chattopadhyay, D. Johnson, J. Young, J. Vieira, 
S. Bachenheimer and S. Kumar: Proc. of AISTech 
2014 Iron and Steel Conf., Indianapolis, (2014), 
p.159. 
7. F. Ellis, J. Glover, "Mechanism of Fume 
Formation in Oxygen Steelmaking", Journal of the 
Iron and Steel, Institute1971, 209, p. 593. 
0.0
0.2
0.4
0.6
0.8
1.0
Case
1
Case
2
Case
3
Case
4
Case
5
Case
6
Case
7
Case
8
Case
9
E
m
is
si
o
n
 R
a
te
 k
g
/h
Cases
Mn emission rate, kg/h
Mn permit limit, kg/h
0
100
200
300
400
500
600
700
Case
1
Case
2
Case
3
Case
4
Case
5
Case
6
Case
7
Case
8
Case
9
E
m
is
si
o
n
 R
a
te
 k
g
/h
Cases
Pb emission rate, kg/h
Pb permit limit, kg/h
223 
 
DILUTE O2 COMBUSTION AND COHERENT JET TECHNOLOGY IN 
STEEL MAKING 
 
Ritesh Nath, Arup Ghose, Sumant Warty1 
Praxair India 
(1. Business Development & Technology Commercialization Director (Steel), Praxair Inc. USA) 
Corresponding author’s e-mail: Arup_Ghose@praxair.com 
 
 
Abstract: With increasing demands for energy conservation and pending CO2 legislation, steelmakers are 
striving towards fuel savings, energy efficiency improvements and use of alternate fuels. Compared to air-fired 
combustion systems, oxy-fuel technology can deliver up to 80% reduction in flue gas volumes, fuel savings in 
excess of 60%, up to 90% reduction in NOx emissions, and facilitate use of low cost fuels. For EAF steel 
making, using proprietary oxygen injection technology can result in significant benefits such as power savings 
up to 70 kWh/ T, Yield Improvement in the range of 0.5–1.5 % and Productivity Improvement between 5–50 %. 
The specific benefits for each case are a function of several variables. In addition, the paper describes how 
Praxair's Dilute Oxygen Combustion (DOC) technology & COJET® overcome all classical concerns of oxy-fuel 
systems to offer ideal & economic solutions to the primary and secondary steel making segments. 
 
1.  Introduction 
Steelmakers are routinely challenged with rising 
energy costs and stricter emission standards.  As a 
result, energy and emission footprints are under 
constant examination and review.  Leading 
steelmakers are actively setting goals to reduce 
the energy intensity and CO2 emissions from their 
processing routes, even though legislation is still 
pending in most countries.   
Application technologies geared towards effective 
use of industrial gases can help steelmakers meet 
their increasing performance challenges, in the 
near term, without requiring relatively drastic 
changes to the processing routes.  Conceptually, 
there are two broad categories of benefits that 
oxy-fuel technologies can bring to iron and 
steelmaking operations: 
1) Improved Process Heating 
2) Improved Combustion (burning & gasification 
The requirements for these two categories can be 
envisaged at the opposite end of a “combustion 
spectrum”, as depicted in Fig.1.  Process heating 
at the left end of the spectrum requires dilute and 
uniform flames, while on the other end, burning 
and gasification requires intense, concentrated hot 
flames.  Dilute flames are required for 
applications such as steel reheating or ladle 
preheating, while concentrated hot flames are 
typically required for rapid combustion of a 
variety of solid or liquid fuels.  In the latter case, 
oxygen assisted combustion enables one to burn 
low heating value fuels or fuels that are poorly 
combusted in air.  Over the years, Praxair has 
developed patented oxy-fuel technologies that 
cover this entire spectrum and can provide a well 
suited, tailored solution for any specific 
requirement [1,2].  Dilute Oxygen Combustion 
(DOC) is the predominant technology for the left 
end of the spectrum, while Hot Oxygen 
Technology is a specific technology for the right 
end of the spectrum.  These will be described in 
more detail below. 
 
Figure 1 Oxy-fuel combustion spectrum  
2. Process heating 
For a process heating furnace such as a reheat 
furnace, oxy-fuel combustion reduces or 
eliminates nitrogen in the combustion air and 
substantially reduces the amount of waste heat 
carried out with the flue gas, compared to an air 
fired burner system.  This reduction of the 
nitrogen ballast results in fuel savings and a 
reduction in flue gas volume for the same level of 
net available energy to the process.  For a furnace 
using ambient air, the fuel savings can be up to  
60% or higher and the flue gas reduction is ~ 
85%, as shown in Fig.2[1,3], resulting into an 
optimally sized flue gas handling system at 
substantially reduced cost, if addressed at a 
greenfield stage. 
Productivity:  One additional benefit of oxygen is 
the ability to boost furnace productivity, if 
required, without expensive capital outlays.  
Traditionally, productivity improvement 
(normally about 10% – 20%) is the “easiest” 
benefit that can be delivered by oxy-fuel 
technologies for a wide variety of furnaces and 
conditions. 
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Figure 2  Comparison of fuel requirement and off-gas 
volume for air-fuel vs oxy-fuel systems to deliver 1GJ 
of available heat to the process, assuming methane 
fuel, air at 21°C and flue gas at at 1150°C 
Traditional Concerns & Mitigation with Oxy-
fuel Systems 
Table 1 Myth & Reality of oxy-fuel usage for process 
heating 
 
MYTH REALITY 
Oxy-fuel burners have high 
flame temperatures that 
will damage a furnace or 
product; increase NOx. 
Oxy-fuel flame temperature 
can be made to match air-fired 
burners using DOC* principle, 
with lowest NOx. 
The best way to use 
oxygen is to enrich 
combustion air. 
Many injection strategies are 
available to maximize the 
benefits of oxygen. 
Oxygen is too expensive. 
Economic benefits from 
oxygen can significantly 
outweigh oxygen costs. 
Praxair’s Dilute O2 Combustion Technology 
Praxair has developed and patented low flame 
temperature oxy-fuel burners that can be used in 
high temperature industrial furnaces[3,4].  In Dilute 
Oxygen Combustion, the basic concept is separate 
the oxygen and fuel injection, so that the oxygen 
is injected into the furnace through a nozzle that 
is separated from the associated fuel jet.  This 
allows the fuel to mix with a hot, dilute oxidant 
containing 2% to 10% oxygen to produce a low 
peak flame temperature “reaction zone”, as shown 
in Fig4. A minimum furnace temperature of 
760°C (1,400°F) is typically preferred.  This 
mixing and dilution produces a thermally uniform 
heat release with low peak flame temperatures 
just above the furnace temperature, resulting in 
low NOx (0.01-0.03 lbs/MM BTU or 5-15 
kg/MJ) and more uniform temperature 
distribution throughout the furnace.  
DOC technology has been implemented on over 
150 furnaces across a variety of industries 
globally.   
3.1 Steel Reheating 
Two strategies can be employed to reduce overall 
energy and emissions from reheat furnaces. The 
first utilizes a conversion of one or more zones of 
the furnace from air-fuel to oxy-fuel.  This 
approach can be used without any adjustments to 
the fuel blend within the furnace. Praxair has 
demonstrated fuel savings of 20%-45% for 
furnace zones that were converted from air-based 
to oxygen-based combustion systems and annual 
cost savings of $200,000 to $450,000 per 
furnace[7,8].  Conversion of the zones closest to 
the charge end of the furnace typically result in 
large fuel savings on a per unit mass of steel as 
these are the largest zones in the furnace. For 
furnaces that do not require significant quantities 
of supplemental fuel, this approach will free up 
by-product fuel for use in other parts of the plant. 
These fuels can ultimately displace the use of 
purchased fuel and thereby reduce the overall 
CO2 emissions from the entire plant. 
 
 
Figure 4 (a) Schematic of dilute oxygen combustion 
(DOC) (b) Graphical Explanation of Temp vs 
Recirculation Ratio of Combustion Gases – DOC 
Concept  
The alternative approach for oxy-fuel application 
in a reheat furnace is to adjust the fuel blend used 
in the furnace. As with blast furnace stoves, BFG-
oxygen burners can mimic NG-air or COG-air 
burners in reheat furnaces. Combustion with 
oxygen allows a higher percentage of BFG in the 
fuel mix, stretching the available COG supply. 
Due to smaller heating value of BFG, the fuel 
supply system needs to be modified to 
accommodate higher flow.  
3.2 Batch Reheating 
In a recent installation of DOC technology on a 
new “Box” type forge reheat furnace[8] the critical 
aspect was the achievement of temperature 
uniformity better than ±13oC (±25oF), as 
measured by a temperature survey conducted per 
AMS-2750D standard. The DOC technology 
demonstrated results within ±11oC (±20oF) for all 
14 thermocouples that were employed for the 
measurement. The corresponding NOx results 
were observed to be low ~ 0.0018 lb / MMBTU, 
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when averaged out over a range of firing rate 
(10% - 100%) 
3.3 Ladle preheating  
Although ladle preheating consumes a relatively 
small portion of the overall energy budget of a 
steelmaking plant, it is an inefficient energy 
consumer and can benefit from improvements in 
combustion technology.  Furthermore, poor ladle 
preheating  can have a large effect on the energy 
efficiency of the largest energy consumers within 
the steelmaking shop such as the electric arc 
furnace, LD converter and/or the ladle metallurgy 
furnace.  Since most modern steelmaking ladles 
need to be preheated above 1150oC (2100oF), 
greater than 60% of the energy is exhausted to the 
stack if ambient air-fired burners are used.  Under 
these conditions, Praxair’s Dilute Oxygen 
Combustion system provides a means of cutting 
energy consumption by greater than 60% (as 
already demonstrated in Japan), while 
simultaneously lowering carbon emissions and 
NOx emissions. Fig. 6 shows a typical ladle 
preheater installation  
 
  Figure 6 Typical DOC ladle preheater installation 
showing (a) piping connections on the cold face & (b) 
the hot face of the burner block 
4.  Fuel substitution 
Steel plants usually have an abundance of low 
heating value fuels such as blast furnace gas 
(BFG).  However its usage is limited by the fact 
that the combustion of BFG with air results in a 
low flame temperature, below the requirement of 
many steelmaking processes.  Often, BFG may be 
flared for this reason.  On the other hand, it is 
common practice to “sweeten” the BFG with a 
higher heating value fuel such as natural gas (NG) 
or coke oven gas (COG) to create a fuel blend, 
increase its heating value and therefore its flame 
temperature with air, as shown in Fig.7.   
A more economical alternative to fuel sweetening 
can be oxygen enrichment; i.e. the addition of 
medium to high purity oxygen to the combustion 
air.  This approach is used in Praxair’s Stove 
Oxygen Enrichment (SOE) technology for blast 
furnace stoves, is described in Section 4.   
Ultimately, a BFG-oxygen system can completely 
substitute a NG-air system.  NG-air and BFG-
oxygen produce virtually identical volumes and 
temperatures of combusted gas, Fig. 8.   
Therefore, selection of NG-air or BFG-oxygen is 
transparent to the process itself[6]. 
 
4.1 Blast Furnace stove O2 enrichment  
Stove Oxygen Enrichment (SOE) is a method to 
add high-purity oxygen to the stove combustion 
air to eliminate the use of sweetening high value 
fuels, as discussed in Section 4.  It is used 
commercially in North America, South America, 
and Asia. Use of natural gas was completely 
eliminated at the two mills in the USA and coke 
oven gas usage was reduced by about 36% at the 
mill in Asia.  In addition, a higher concentration 
of CO2 in the SOE combustion gas provides 
greater radiative heat transfer in the dome, and 
thereby lowers the dome temperature and fuel 
consumption. 
Figure 7 Schematic illustrating the concept of oxygen 
enrichment to raise flame temperature as an 
alternative to sweetening with higher value fuels 
 
Figure 8 Comparison of combustion products, flame 
temperatures and volumes for NG-Air and BFG-
Oxygen systems, each producing 1 MMBtu (1.055 GJ) 
of heat 
The amount of oxygen required for SOE depends 
largely on the quality (heating value, moisture 
content, etc.) of the blast furnace gas. Using a 
dome temperature controller to adjust oxygen 
enrichment throughout the heating cycle has been 
shown to significantly lower oxygen requirement. 
5. Oxygen in Electric Arc Furnaces 
Praxair’s CoJet® Gas Injection technology is a 
state-of-the-art oxygen injection system that is 
designed to lower costs and improve productivity 
of EAF operations. The technology has been 
developed and designed to achieve most effective 
and efficient chemical energy use in EAF 
melting. It comprises the use of multi-functional 
injectors that are fixed to the side wall. Each 
injector assembly provides multiple functions 
such as a burner, lance, post combustion, and 
carbon injection. In this fashion, the Coherent Jet 
Technology provides almost the total chemical 
energy to the EAF. Use of conventional burners, 
supersonic lances, or lance pipes are thereby 
eliminated and EAF melting done with slag door, 
mostly closed. 
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CoJet® system benefits for EAFs 
 Reduced power consumption  
 Increased productivity  
 Elimination of supersonic lances & 
manipulators 
 Significantly reduced maintenance  
 Improved Yield & Delta Life 
 Reduced refractory wear at banks 
 Reduced gunning, electrode consumption & 
injected carbon 
 Decreased splashing, slopping & improves slag-
metal mixing 
 Faster decarburization & enhanced slag 
foaming 
5.1 The process 
The injector nozzle delivers a 3- to 5-foot (0.9-1.5 
meters) laser-like coherent jet of oxygen at 
supersonic speeds into the molten bath. The fixed, 
wall-mounted injector nozzle retains the original 
diameter and velocity of the oxygen jet, 
delivering precise amounts of oxygen to the steel 
bath with less cavity formation and splash than 
traditional manipulators. 
 
Figure 9 (a) Coherent Jet vs Supersonic Jet (b)Px’s 
Coherent Jet 
Coherent Jet Vs Supersonic Jet 
 Longer Distance to Bath 
 Fixed injector - No manipulator 
 Mach 2, High Momentum Impact 
 Deeper Bath Penetration  
 Less Splash, More Bubbles 
Once the oxygen jet impinges on the steel bath, 
the concentrated momentum of the oxygen beam 
dissipates in the steel as fine bubbles, providing 
deep penetration and effective slag-metal mixing. 
The nozzle also operates as a conventional 
sidewall burner to melt scrap and as a 
supplemental oxygen source for post combustion, 
thereby improving furnace productivity and 
decreasing power consumption. 
By using coherent jet technology, the furnace is 
converted from a manual operation to a fully 
automated sequenced operation with the slag door 
closed, as depicted in Fig10. In addition, the 
oxygen and carbon are now uniformly introduced 
through multiple injectors around the furnace in a 
homogeneous manner as shown in Fig10. This 
allows for the use of higher overall chemical 
energy with added benefits achieved in return.  
 
Figure 10 (a) Conventional Lance (b) COJET 
6. Conclusions 
Many oxy-fuel technologies are available to help 
steelmakers reduce their energy and emission 
footprints.  These technologies can be deployed in 
the near term, without requiring significant capital 
costs and with relatively minor changes to the 
current processes.   
Dilute oxygen combustion is a fundamental oxy-
fuel technology that has been implemented on a 
variety of furnaces across many industries.  It 
overcomes all the classical concerns of oxy-fuel 
systems to offer an ideal oxy-fuel solution.  In 
steelmaking, DOC has been used successfully for 
steel reheating and ladle preheating.   
COJET®, currently implemented in 150+ electric 
arc furnaces, has become an universally adopted 
technology and delivering benefits to steel makers 
that operate furnaces with a wide variety of 
charge mixes (100% Scrap to 100% Hot Metal to 
100 % DRI); and for AC, DC,Consteel®, 
Conarc®, Shaft furnaces ranging from 15 t - 350 t 
capacity, using up to ~60 Nm3/t O2 . 
Over the years, Praxair has developed the above 
patented oxy-fuel technologies that cover this 
entire combustion spectrum and can provide a 
well suited, tailored solution for any specific 
requirement.   
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Abstract: A numerical model having coupling of magnetohydrodynamic and volume of fluid model has been 
developed to study the meniscus level fluctuation in billet mold during electromagnetic stirring. The transient 
magnetic field distributions at various stirrer operating conditions such as current intensity and frequency have 
been generated to analyse their effect on steel-flux interface level fluctuation. Result shows that electromagnetic 
stirring increases the level fluctuation, mainly at the mold corners and outer wall of the submerged entry nozzle. 
The fluctuation at meniscus increases significantly with the increase in frequency, while increase in current 
intensity shows marginal rise in level fluctuation. Following top surface standing wave instability criteria and 
finding the height to wavelength ratio of the wave it has been found that interface wave become instable above 
10 Hz frequency. The instability of interface at high frequency has been efficiently predicted by the model in the 
form of emulsification of flux into molten steel bath. 
 
Keywords: Electromagnetic stirring, Emulsification, Meniscus level fluctuation, Volume of Fluid 
 
1. Introduction 
Mold flux has significant role in an unsullied and 
smooth running of the continuous casting 
process. The main role of the mold flux is to 
avoid excessive heat removal and re-oxidation 
from meniscus surface, to absorb impurities and 
non-metallic inclusions and to provide 
lubrication between the solidifying shell and 
mold wall[1–3]. High turbulence near the 
meniscus causes steel/flux interface fluctuation 
or frequently called meniscus level fluctuation 
(MLF), which may lead to entrapment of flux 
into the liquid steel bath. The entrapment of 
mold flux in liquid steel also called as 
engulfment or emulsification that causes an 
adverse effect in the cast products in the form of 
surface and internal defects[4].  
The numerical modelling of steel-flux interface 
level fluctuation in an electromagnetically stirred 
billet/bloom mold has rarely been reported. The 
coupling of electromagnetic field with the 
multiphase fluid flow model makes the model 
highly complex. In present investigation, the 
influence of electromagnetic stirring on meniscus 
level fluctuation has been studied by tracking 
steel-flux interface at the meniscus. A full 
coupled numerical model of electromagnetic 
stirring (EMS) has been developed by coupling 
time-variable magnetic field with the two-phase 
fluid flow model. The analysis has been 
augmented by analyzing the effect of stirrer 
parameters such as current intensity and 
frequency. The criticality of interface level 
fluctuation[5] has been verified by calculating 
height to wavelength ratio with top surface 
standing wave instability criteria. 
2. Mathematical modelling 
2.1 Electromagnetic field equations 
The principle of electromagnetic stirring is based 
on the fact that when an alternating magnetic 
field is applied over a conductor it induces eddy 
current. The eddy current together with magnetic 
field generates electromagnetic force called 
Lorentz force. The four Maxwell’s equations 
have been solved to calculate time-varying 
electromagnetic field in the mold as: 
∇ 𝐵0⃗⃗ ⃗⃗  ⃗ = 0                                             (1) 
∇ ×𝐸 ⃗⃗  ⃗= −
𝜕 𝐵0⃗⃗ ⃗⃗  ⃗
𝜕𝑡
                                  (2) 
∇. 𝐷 ⃗⃗  ⃗ = 𝑞                                             (3) 
∇ × 𝐻 ⃗⃗⃗⃗ =  𝑗 ⃗⃗⃗  +
𝜕𝐷 ⃗⃗  ⃗
𝜕𝑡
                               (4) 
Depending on the nature of applied magnetic 
field, Lorentz force provides motion in liquid 
steel (rotary in present case). Lorentz force 
generated in liquid steel has been calculated as[6]: 
𝐹 ⃗⃗  ⃗ = 𝑗  ⃗ × 𝐵 ⃗⃗  ⃗ = 𝑗  ⃗ × ( 𝐵0⃗⃗ ⃗⃗  ⃗ +  𝑏 ⃗⃗⃗⃗ )                (5) 
Magnetic field 𝐵0⃗⃗⃗⃗  has been imposed externally, 
which induces magnetic field 𝑏 ⃗⃗⃗  due to fluid flow. 
2.2 Fluid flow equations 
Coupled analysis of two-phase fluid flow and 
electromagnetic field has been performed by 
solving the continuity equation and incorporating 
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Lorentz force 𝐹 ⃗⃗ ⃗⃗  in the momentum conservation 
equation[7].  
∇.𝑈 ⃗⃗  ⃗ = 0                             (6) 
𝜕
𝜕𝑡
(𝜌𝑈 ⃗⃗  ⃗) + 𝜌∇. (𝑈 ⃗⃗  ⃗𝑈 ⃗⃗  ⃗) 
= −∇𝑃 + ∇. {𝜇𝑒𝑓𝑓(∇. 𝑈 ⃗⃗  ⃗)} + 𝜌𝑔 ⃗⃗  ⃗ + 𝐹 ⃗⃗  ⃗       (7) 
Turbulence in fluid flow, particularly near the 
inlet and stirring region has been calculated by 
using realizable k-ε turbulence model.  
2.3 Interface tracking 
Meniscus level fluctuation has been predicted by 
tracking interface of steel and flux. Volume of 
fluid (VOF) method is a robust tool to track the 
interface between two or more incompressible 
and immiscible fluid[8]. In the present 
investigation, mass conservation has been 
achieved by tracking interface through a geo-
reconstruction scheme which has been 
discretized explicitly to solve VOF advection 
equation. The interface of the two fluids has been 
tracked by using colour function C, which can be 
defined as: 
 C = 1  volume is filled only with steel 
 C = 0  volume is filled only with flux 
 0 < C < 1  interface of steel and flux  
 
Table 1 Process parameters 
Parameters Values 
Thickness of copper mold 0.02 m 
Inlet diameter 0.044 m 
SEN height 0.1 m 
Mold flux above meniscus 0.05 m 
Distance from meniscus to stirrer center 0.3 m 
Stirrer height 0.1,0.2,0.3 m 
Current intensity 100,200,300 A 
Current frequency 2,5,10,20 Hz 
Casting speed 1.8 m/min 
Density of molten steel 7200 Kg/m3 
Density of mold flux 2800 Kg/m3 
Viscosity of molten steel 0.0067 Kg/ms 
Electrical conductivity 7.14x105 1/Ωm 
Magnetic permeability 1.257x10-6 H/m 
3. Methodology 
The analysis has been carried out in two stages; 
initially, a time varying magnetic flux density 
has been calculated, which is further coupled 
with the two-phase fluid flow model. The 
electromagnetic field has been generated using 
Ansys EMAG tool and coupling of the 
electromagnetic field with two-phase fluid flow 
model was carried out using the MHD module of 
Ansys Fluent tool. Second-order upwind 
discretization scheme has been used to discretize 
the transport equations. The simulation has been 
carried out in the transient state till the interface 
level fluctuation and fluid flow reached to steady 
state condition. Owing to slow convergence of 
the model, time step of 10-7 sec has been taken at 
the initial stage of computation which was 
further increased to 10-4 sec. The details of 
material properties and process parameters 
applied during computation have been given in 
Table 1. 
 
Figure 1 Computation models used for (a) 
electromagnetic field generation (b) two-phase MHD 
analysis 
4. Geometrical description 
The finite element model of the mold with 
electromagnetic stirrer, shown in Figure 1(a) has 
been prepared to generate magnetic flux density 
distribution. The stirrer has six pole iron core, 
each having copper coil winding with three 
phase alternating current supply and phase 
difference of 120o. The distance from mold top 
to the centre of the stirrer is 350 mm. The cross 
section of the mold is 200 mm x 200 mm with 
thickness of the copper mold of 20 mm, depth of 
submerged entry nozzle (SEN) equals to 100 
mm, and axial length of the mold is 1000 mm. 
For two-phase magnetohydrodynamic (MHD) 
analysis with volume of fluid (VOF) method, a 
simplified model (without stirrer) has been 
prepared, shown in Figure 1(b).  
5. Assumptions and boundary conditions 
The model is simplified by making few 
assumptions while solving the governing 
equations. It is assumed that materials such as 
iron core, copper mold, steel and flux have 
constant characteristics. Mold flux has been 
assumed in liquid state. All liquids (steel and 
mold flux) were assumed as incompressible 
Newtonian fluid. Joule heating due to the 
electromagnetic field, mold oscillation, heat 
transfer and solidification have not been 
considered during the analysis. The boundary 
conditions employed in the model are: 
 Inlet: Constant velocity inlet boundary 
condition has been employed at SEN outlet.  
 Steel-flux interface: Steel meniscus has been 
taken 50 mm above the SEN outlet and 50 
mm thick flux layer has been provided above 
the meniscus. Initial level of the steel-flux 
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interface was taken as smooth and 
horizontal. 
 Mold and strand wall: No slip boundary 
condition has been applied.  
 Outlet: Constant velocity outlet boundary 
condition has been applied at mold outlet.  
6. Results and Discussion 
Before investigating the effect of stirring on 
meniscus level fluctuation, it is worthwhile to 
understand the fluid flow behaviour without, as 
well as with the use of EMS in the mold. The 
fluid flow with electromagnetic stirring has been 
obtained with the stirrer of current intensity 300 
A and frequency 10 Hz. Figure 2(a) and 2(b) 
shows the velocity vectors in x-z direction for 
the liquid steel flow at the vertical centre plane 
of the mold for without EMS and with EMS 
cases, respectively. In the case of mold without 
EMS (Figure 2a), the recirculation zone beneath 
the SEN outlet can be clearly seen which, 
develops the turbulence at the meniscus. The 
level of turbulence intensity will depends on the 
depth of SEN and inlet velocity. The turbulence 
intensity at the meniscus decides the level of 
meniscus fluctuation. After application of 
electromagnetic field in the mold (Figure 2b) the 
turbulence intensity at the meniscus increases, 
leading to the passage of streamlines of fluid 
flow into the flux region, however, the 
recirculation zones at the bottom of the mold are 
due to secondary flow caused by electromagnetic 
stirring. In Figure 2(c), it is observed that the 
rotary motion caused by stirrer diminishes soon 
above the stirrer position while at meniscus, 
some rotary motions in x-y direction are found. 
However, significant rotary motion in the flux 
region has not been observed. Quantitatively, the 
level of fluctuation can be obtained by finding 
the trough and crest of steel-flux interface in z-
direction. 
To predict the level fluctuation at the meniscus, 
iso-surfaces depicting the steel-flux interface at 
C=0.5 have been drawn. Figure 3 shows the 
fluctuation of steel-flux interface from the initial 
interface level for the mold without EMS and 
with EMS at 2 Hz, 5 Hz, 10 Hz and 20 Hz 
frequencies. In the figure, stable plane shows the 
initial interface level without any fluctuation, 
while wavering plane shows the predicted 
interface fluctuation. It can be seen that when 
there was no stirring in the mold, interface level 
fluctuation was very low because of low 
turbulence near the meniscus. The small change 
in interface level is caused by the presence of 
recirculation zone near the SEN outlet. It has 
been observed that with the increase of EMS 
frequency the level of interface fluctuation 
increases significantly. For the case of EMS with 
20 Hz frequency, the level fluctuation increases 
such that flux gets entrapped into the liquid steel 
pool. The entrapment of flux in the form of small 
spherical particles below the initial interface 
level can be seen in Figure 3 for the case EMS 
with 20 Hz frequency. The asymmetry in level 
fluctuation is because of application of time-
varying electromagnetic field. 
It has been observed that at 2 Hz frequency, the 
interface level at the mold corner rises to 
minimal. Hence, 2 Hz frequency has been used 
for generation of the low level of fluctuation. 
Figure 4 depicts the effect of current intensity on 
the meniscus level fluctuation and it is observed 
that current intensity has very small effect on 
interface level fluctuation for low-frequency 
stirrer. Increasing the current intensity from 150 
A to 300 A shows a small rise in interface level 
at the mold corners only. 
 
 
Figure 2 Fluid flow on vertical centre plane of mold 
(a) without EMS and (b) with EMS, (c) Velocity 
vectors in horizontal plane at different positions in 
the mold with EMS 
The stability of interface level has been 
investigated with the help of top surface standing 
wave instability criterion based on height to 
wavelength ratio (δh/λ). According to this 
criterion, if the ratio of maximum wave height to 
the wavelength in a vertical plane increases 
above a critical value, the interface of the two 
liquid becomes unstable and increases the risk of 
entrapment of flux into the liquid steel bath. 
Rottman[5] defined the critical value as a function 
of the density of two liquids. The researcher has 
given the empirical formula for calculating the 
critical value as: 
(
𝛿ℎ
λ
)
𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
= 0.21 + 0.14𝑟2                     (10) 
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where δh is the maximum wave height, λ is the 
wavelength of the interface, and r is the density. 
 
 
Figure 3 Fluctuation of steel/flux interface from initial 
interface level for different EMS frequencies 
 
Figure 4 Fluctuation of steel/flux interface from initial 
interface level for different EMS frequencies 
To have insight of finding the stability of the 
steel-flux interface level, the critical ratio for 
δh/λ has been calculated by calculating the 
density ratio of the steel and flux. The calculated 
values of δh/λ for all the cases have plotted and 
compared with the critical ratio values in Figure 
5. It can be seen that at a constant frequency of 2 
Hz, the height to wavelength ratio value is much 
below the critical value at all current intensity, 
which represent the stability of the wave or level 
fluctuation. When the value of frequency 
increased up to 10 Hz and 20 Hz, led to 
significant increase in level fluctuation. The 
value of δh/λ for 10 Hz and 20 Hz increases 
above the calculated critical ratio. The criticality 
of level fluctuation at 20 Hz frequency can also 
be in Figure 3 where, entrapment of flux in 
liquid steel can be seen in the form of spherical 
particles. 
 
 
Figure 5 Height to wavelength ratio at different (a) 
frequency and (b) current intensity 
5. Conclusions 
Electromagnetic stirring causes maximum rise in 
interface level at the mold corners and maximum 
slump near the SEN. At low-frequency EMS, 
increase in current intensity and stirrer width 
does not have much effect on level fluctuation, 
however small increase in interface level has 
been observed at the mold corners. The increase 
in frequency found to have significant increase in 
level fluctuation. 
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Abstract: Slag layer aperture and slag emulsification are detrimental phenomena that take place during tundish 
transient periods; these phenomena are a concern for steelmakers which is why the present work studies the 
application of a dissipative ladle shroud to reduce them by a 3D mathematical model to simulate the multiphase 
system. The results show that the convectional ladle shroud delivers a fluid with an excessive amount of kinetic 
energy generating strong mixing flow patterns, entrapping massive amount of slag into the bath promoting a 
continuous oil emulsification. The dissipative ladle dissipates the kinetic energy in the internal ladle shroud 
chambers before the fluid enters the tundish, promoting less intense mixing patterns, reducing significantly the 
amount of slag emulsification, and the slag opening area.  
 
Keywords: Slag aperture, Ladle change-over, Tundish, Mathematical simulation, Slag emulsification 
 
1. Introduction  
The molten steel in the tundish contain a great 
amount of impurities which could come from re-
oxidation phenomena, refractory erosion, slag 
carry over, tundish slag emulsification, among 
others. Most of the research studies focused on 
the tundish steel cleanness has been carried out 
during steady state with the aim of developing an 
optimum tundish design implementing different 
flow control devices [1-3], and argon bubbling 
curtains [4,5]. Nevertheless, during the tundish 
unsteady state period of ladle change-over 
operation, the amount of dissolved oxygen 
increases, also the size and morphology of the 
inclusions and undesirables slag drops, which 
may cause the discarded of about 12-30 tons of 
steel. During this period, the slide gate of the 
ladle is fully open to regain the operational level; 
this generates a strong increment of the entry jet 
velocity dragging slag and air into the bath and 
forming a complex multiphase steel-slag-air 
flow. Despite the importance of this operation, 
there are few studies related to this [6,7].  The 
understanding of the nature of the turbulent flows 
during this transient period, which induce the 
slag aperture and entrapment, can be useful to 
improve ladle change-over procedures. Recently, 
Morales-Higa et al. [8] proposed a change of the 
ladle shroud (LS) from a simply ceramic pipe 
(conventional ladle shrouds, CLS) to a duct, 
consisting on sections along its length with 
contractions and expansions of the cross section 
named as Dissipative Ladle Shroud (DLS), 
which was tested in steady state conditions for a 
four-strand tundish, showing an advantage which 
is that the pieces of furniture inside the tundish 
would be eliminated. Considering this, the 
present research work studies the phenomena of 
slag layer aperture and entrainment during ladle 
change-over operations employing the CLS and 
two DLS comparing their performance by 
mathematical simulations.  
2. Mathematical Modeling 
The mathematical model was developed 
considering isothermal and unsteady state 
conditions for the 3D continuity and Navier - 
Stokes equations in Cartesian coordinates, the 
Volume of Fluid (VOF) model [9] to solve the 
multiphase system air-steel-slag, and the k- 
standard turbulence model through the volume 
finite method embedded in FLUENT™ code 
[9,10]. 
The momentum transfer equations were 
discretized using a second order upwind scheme. 
For cells including interfaces, the time-dependent 
explicit scheme was employed. No-slip velocity 
at all solid surfaces was considered. A pressure 
inlet condition is applied at the tundish top 
(P=101325 Pa) to simulate the effects of a system 
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open to the atmosphere. The mesh was built with 
about 2,000,000 structured cells. The computing 
algorithm known as SIMPLE was employed to 
solve the pressure-velocity coupled. The 
mathematical model was run during 300 seconds 
assuming that a steady state had been reached; 
subsequently, the ladle change-over operation 
was simulated. For the simulation, additionally to 
the CLS, two DLS were considered, the first with 
smaller chambers (DLS-S) than the second 
(DLS-B), see Fig. 1. The tundish dimensions are 
shown in Fig. 2 and the physical properties of the 
phases in Table 1. 
 
 
Figure 1 Dimensions in mm of the ladle shrouds 
employed, a) CLS, b) DLS-S, and c) DLS-B. 
 
 
Figure 2 Dimensions in mm of the tundish 
 
Table 1 Physical properties of the phases 
 
Density 
Kg/m3 
Viscosity 
g/m*s 
Surface 
tension N/m 
Interfacial 
tension N/m 
Ste
el 
7050 0.0064 1.9 
St-Sl = 0.74 
St-A = 1.84 
Sla
g 
2800 0.18 1.4 Sl-A = 0.74 
Air 1.225 1.7894e-05 ------ St-A = 1.84 
 
3. Results 
Firstly, the general fluid velocity profiles were 
analyzed employing the three LS designs before 
the ladle change-over operation (Fig. 3). It is 
clear that CLS deliver a high velocity jet which 
impacts the tundish bottom inducing a strong 
recirculation in the left side of the LS position 
that reaches the slag-steel interface with high 
velocities, strong turbulent flows close to le right 
side of the LS position, and a fluid that moves 
fast by the tundish bottom until the exit. When 
the DLS is employed the mentioned general flow 
patterns remain, however, their intensity 
decreases significantly with the increment of the 
LS chamber size. When the chambers size gets 
bigger, the steel flowing through it suffers of a 
velocity diminish from chamber to chamber until 
leaving the LS, Fig. 4; this phenomenon is a 
consequence of an energy dissipation that takes 
place inside each chamber[11]. Later, the 
decrement of the tundish level takes place and in 
the right time the new ladle starts delivering the 
new steel considering the corresponding entry 
high velocity until the tundish operational level 
was achieved.  
 
 
Figure 3 Velocity vectors at the central longitudinal 
plane of tundish using, (a) CLS, (b) DLS-S, and (c) 
DLS-B 
 
 
Figure 4 Velocity contours at the central plane of the 
used ladle shrouds, (a) CLS, (b) DLS-S, and (c) DLS-B 
Once the period of the tundish level recovery 
starts, the high velocity at the entry induces 
strong turbulent flows for the three LS designs 
(Fig. 5). This figure shows how the flow, from 
the delivered jet, produces a strong stream 
reaching the steel-slag interface at the left side of 
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the LS which moves fast to the entry LS position 
to converge with other flows and changing their 
direction toward bath again. These patterns 
remain during the full period of the tundish level 
recovery reducing their intensity as the bath level 
increases. As a consequence of these turbulent 
flows, air (mainly in the first 3 seconds) and slag 
are dragged into the bath generating the 
emulsification phenomenon, which last until the 
40 seconds of this period for the DLS or even 
longer for the CLS, as can be seen in Fig. 6 and 
7. Fig. 6 shows that the highest amount of air is 
mainly dragged during the first 10 seconds of this 
period being significantly reduced with the use of 
the DLS: from 39.58 kg with CLS to 24.81 kg 
with DLS-S and to 15.21 kg with DLS-B 
comparing maximum values. This could 
represent a considerable reduction on the 
percentage of inclusion generated by steel re-
oxidation. At the same time, Fig. 7 shows how 
the amount of dragged slag into the bath 
develops, showing how the CLS drags a great 
amount of slag (57.60 kg-maximum value) which 
is reduced to maximum values of 30 kg with 
DLS-S and to 21.89 kg with DLS-B, representing 
a reduction lower than a 50%. These results 
clearly demonstrate how the use of the DLS 
design can improve considerably the ladle 
change-over operation by reducing the slag 
emulsification phenomenon. 
 
 
Figure 5 Velocity vectors at the central longitudinal 
plane of tundish at 10 s of the bath level recovery, (a) 
CLS, (b) DLS-S, and (c) DLS-B 
 
 
 
Figure 6 Dragged air during Ladle Change-Over 
operation with many Ladle shroud designs. 
 
 
 
Figure 7 Dragged slag during Ladle Change-Over 
operation with many Ladle shroud designs. 
 
On the other hand, the slag aperture during this 
transient period is equally important since it 
affects directly the increment of inclusion by 
steel re-oxidation. To study how these proposed 
LS designs affects the slag aperture, images of 
the slag phase behavior in a top view are shown 
in Fig. 8 for 10 s and 30 s of the bath level 
recovering. Clearly the slag aperture during the 
first seconds is very irregular as a consequence of 
the turbulent flows, but it is evident that the CLS 
induces bigger apertures than the DLS designs 
(Fig. 8-a)). It should be noticed that the slag layer 
is being pushed towards the stopper rod position, 
which is by the effect of the recirculating stream 
detected in the left side of the LS position in Fig. 
4. Once a higher level of the bath is achieved and 
the turbulence of the flow decreases, the slag 
aperture behavior becomes more regular as 
shown in Fig. 8-b), where, for the CLS, the slag 
shows a strong aperture very close to the LS 
position and along the lateral walls until the 
tundish half length; this aperture shows this 
behavior because of the recirculating stream 
above mentioned since remains during the full 
tundish level recovery. In contrast, the DLS-S 
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shows a reduction on the slag aperture but 
remaining a similar slag behavior than CLS, and 
DLS-B shows a considerable reduction on the 
slag aperture. To observe in more detail the 
evolution of the slag aperture, Table 2 shows the 
slag aperture percentages for the three LS during 
the period of the tundish bath level recovering. 
These results show how the CLS induces slag 
apertures up to 30% of the total tundish bath 
surface; this value is reduced to 15% for the 
DLS-S and to 6.2% for the DLS-B. 
Consequently, the DLS favor the reduction of the 
slag aperture during all the period of the tundsih 
level recovery showing a clear improvement over 
the CLS design. 
 
Figure 8 Slag aperture at two times during the Ladle 
Change-Over operation with many Ladle shroud 
designs, a) 14 s and b) 30 s 
 
Table 2 Slag aperture percentage during the Ladle 
Change-Over operation 
Time (s) 
Slag aperture (%) 
CLS DLS-S DLS-B 
0  0 % 0 % 0 % 
2  2.1 % 1% 1% 
4  8.2 % 2.5 % 1.7 % 
8  20 % 3.9 % 2.6 % 
12  22 % 7.7 % 2.5 % 
16  22 % 13 % 2.4 % 
25  30 % 15 % 6.2 % 
35  26 % 11 % 5.3 % 
45  24 % 11 % 5.5 % 
90  20 % 10 % 5 % 
 
 
 
 
 
 
 
 
 
4. Conclusions 
The Conventional Ladle Shroud delivers a steel 
flow with high levels of energy which can be 
significantly reduced by the chambers of the 
Dissipative Ladle Shroud, representing a better 
control of the tundish flow patterns by the 
reduction of the flow turbulence. 
The tundish steel re-oxidation, during the ladle 
change-over operation, by the slag aperture could 
be significantly reduced by employing the DLS 
since this promotes a decrement on the slag layer 
aperture from 30% (CLS) to 7% (DLS-B). 
The Dissipative Ladle Shroud shows a good 
improvement on the control of the slag 
emulsification phenomenon in comparison with 
the Conventional Ladle Shroud since a 50% 
reduction on the maximum amount of dragged 
slag was achieved. 
The employed of the DLS could contribute in the 
reduction of the discarded steel generated from 
the ladle change-over operation. 
References 
1. L. Jiao, W. Guang-hua, T. Ping, Z. Ming-mei, G. 
Jian-jun, and L. Hai-lan: J. Iron & Steel Research 
Int., Vol. 19, 2012, p.19. 
2. S. Garcia-Hernandez, J. de J. Barreto, J.A. 
Ramos-Banderas and G. Solorio-Diaz, Steel 
Research Int., Vol. 81, 2010,  p. 453. 
3. M. Bensouici, A. Bellaoua, and K. Talbi: J. Iron 
& Steel Research Int., Vol. 16, 2009, p. 22. 
4. K. Chattopadhyay, M. Isac, and R. I. L. Guthrie: 
ISIJ Int., Vol. 51, 2011, p.573. 
5. K. Chattopadhyay, M. Isac, and R. I. L. Guthrie: 
ISIJ Int., Vol. 51, 2011, p.759. 
6.  K. Takahashi, M. Ando and T, Ishi: ISIJ Int., 
Vol. 54, 2014, p.304. 
7. H.S. Chen and R.D. Pehlke: Metall. Mater. 
Trans. B, Vol. 27B, 1996, p.745. 
8. K. Morales-Higa, R. I. L. Guthrie, M. Isac, and 
R.D. Morales: Metal. Mater. Trans. B, Vol. 44B, 
2013, p. 63. 
9. Fluent Guides, Fluent Inc., Lebanon NH, USA, 
2007.  
10. P. Liovic, J.L. Liow and M. Rudman: ISIJ Int., 
Vol. 41, 2001, p. 225. 
11. G. Solorio-Diaz, R. D.-Morales, J. de J.Barreto-
Sandoval, H. J. Vergara-Hernández, A. Ramos-
Banderas, and S. R. Galvan: Steel Research Int., 
Vol. 85, 2014, p. 863. 
 
 
235 
 
SIMULATIONS OF SLAG ENTRAINMENT IN LADLE METALLURGY 
 
Anand Senguttuvan, Gordon A. Irons1, 
M. N. Dastur & Co., India 
(1. McMaster University, Canada) 
Corresponding Author’s Email: anand.s@dastur.com 
 
 
Abstract: During gas stirring in ladles, entrainment of liquid slag into liquid steel takes place at the slag eye region 
where there is relative motion between the two phases. The increased entrainment of slag into metal is beneficial in 
terms of higher refining rates due to increased slag-metal interfacial area. This is determined by the size and rate of 
entrainment of slag droplets that vary with bath stirring conditions. To simulate the two-phase flow phenomena 
using computational fluid dynamics, Large Eddy Simulations (LES) of a reduced domain around the slag eye region 
were carried out. Appropriate inlet conditions for the LES domain were derived from inexpensive steady state 
simulations of steel flow in the full ladle domain. The effects of slag viscosity, slag-metal interfacial tension and gas 
injection rate on entrainment characteristics were deduced from these simulations. The entrainment rate strongly 
increased with gas injection rate and average slag droplet size significantly increased with interfacial tension while 
the slag viscosity had little effect on entrainment characteristics. 
 
Keywords: Ladle Metallurgy, Slag entrainment, Multiphase flows, Large Eddy Simulations 
 
1. Introduction 
The secondary steelmaking processes involving 
slag metal reactions, namely the ladle 
desulphurization, reduction of metallic oxides after 
CAS-OB treatment, re-oxidation due to slag carry 
over, are controlled by the degree of slag-metal 
mixing that is brought about by bath stirring due to 
inert gas injection. As shown in the schematic in 
Fig. 1, the injected gas breaks into bubbles, raise in 
liquid steel and cause a opening in the liquid slag 
called as ‘slag eye’. The liquid steel rising along 
the bubbles flows radially and then downwards at 
the slag eye. In the eye region, the relative motion 
between the liquid steel and slag drags and entrains 
the latter phase into the former, causing slag-metal 
mixing. 
The slag entrainment has been studied many times 
in the past and has been shown to 1) initiate only 
after certain critical velocity or gas flow rate and 2) 
drastically increase the rate of mass transfer 
occurring at the slag-metal interface as seen in 
Fig.2[1] . Despite the understanding, much of these 
studies are 1) limited to aqueous models and 2) 
have not characterized the correlation between the 
mass transfer rate and ladle operating conditions 
and slag-metal physical properties, related to the 
‘degree of entrainment’ that controls the mass 
transfer rate. The degree of slag entrainment can be 
defined by (i) the rate of entrainment (number or 
volume of droplets entrained per unit time), (ii) 
size distribution and (iii) residence time 
distribution of slag droplets in liquid steel. The 
lack of methods to measure these parameters even 
in water models, let alone the actual ladle, has 
limited the scope of past work. 
 
 
 
Figure 1 Schematic of gas stirred ladle showing various 
fluid zones; inset showing slag metal relative motion 
causing slag droplet entrainment. 
Therefore, the details of complex two phase 
phenomena can be studied only through 
mathematical modeling. To this end, few 
noteworthy studies of the past[2,3]  have a 
philosophy similar to our present work, however, 
were[2,3] restricted to only droplet size distribution. 
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Figure 2 Plot of mass transfer rate constant (k) versus 
specific gas flow rate (Q) obtained from a 2.5 ton 
converter[1] 
2. Multiphase LES methodology 
Our present objectives require a Large Eddy 
Simulation (LES) coupled with a surface 
computation technique to compute the slag-metal 
interface. In the present work, slag entrainment 
simulations were performed using the Gerris Flow 
Solver[4] (hereafter, Gerris) that has the 
implementation of the Volume of Fluid method for 
surface computation and an ‘accurate surface 
tension model’ to precisely compute the surface 
tension force to be added to the Navier Stokes 
equations. Another significant advantage due to 
Gerris is its adaptive mesh refinement capability 
that allows high grid refinement in the selected 
regions of interest, say, the location of slag-metal 
interface, than elsewhere, thereby reducing the 
total grid points by an order of magnitude. 
However, given the wide range of scales, from 
droplets of few millimeter diameters to the ladle 
size of few meter, it is still impractical to simulate 
the entire ladle using the above scheme. So, as 
shown in Fig.3, only a thin slice of ladle domain 
encompassing the slag and metal phases around the 
eye region where entrainment occurs was 
considered for the multiphase LES. The scope of 
this model, therefore, is to obtain only the first two 
of the three parameters of degree of entrainment 
listed above. Therefore, the problem simplifies to 
supplying appropriate inlet and initial conditions to 
this thin slice domain. 
Fig. 3 also shows various boundaries. The domain 
inlet conditions are the flow field prevailing at the 
corresponding location of inlet plane in the ladle. 
In the absence of data, the flow field was obtained 
from inexpensive Reynolds Averaged Navier 
Stokes (RANS) simulations performed in 
axisymmetric coordinates for the whole ladle 
dimensions. Turbulence was modeled using the 
SST model of Menter[5] and a free surface 
correction was applied to the eddy viscosity in the 
slag eye region[6]. The plume region was modeled 
using a quasi single phase (QSP) model[7] and gas 
fraction distribution model[8]. The RANS 
simulations provide the mean velocities (𝑈𝑖); the 
fluctuating velocities (𝑢𝑖
′) were generated using the 
Synthetic Eddy Method (SEM) of Jarrin[9] using 
the mean velocity and turbulence fields of RANS 
simulation; the resulting instantaneous velocities 
(𝑈𝑖 + 𝑢𝑖
′) were applied at the LES inlet. All these 
models, though not present in Gerris that being a 
generic flow solver, were implemented in it, tested 
against benchmark cases[6] and thereafter used for 
all CFD simulations in this work. 
 
 
Figure 3 Schematic of thin slice domain dimensions and 
boundaries used for multiphase LES 
3. Simulation setup 
A smaller ladle of 44 tonne liquid steel capacity 
with a configuration of centric bottom gas injection 
was considered. Based on ranges typical of 
industrial practice, various constant and variable 
parameters, tabulated in Table 1, were used for 
simulations. Based on these, QSP-RANS 
simulations were first performed for three gas 
injection rates, mean velocity and turbulence fields 
were extracted and supplied to SEM to generate 
inlet conditions for various LES cases performed. 
Based on the user defined criteria, Gerris generates 
the grid automatically using cubic cells. The 
dynamic location of slag-metal interface was 
adaptively refined to the smallest mesh size of 1.6 
mm; also this smallest size was applied in the 
volume of liquid steel from inlet until some 
distance downstream past the region of onset of 
entrainment; elsewhere coarse mesh was applied; 
this meshing scheme is shown in Fig.4. The initial 
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shape of the slag metal interface was calculated 
based on the actual slag thickness values that was 
estimated from slag eye radius model[10] and 
volume conservation. 
Table 1 Parameters used for multiphase LESs 
Ladle radius, m 1.0 
Steel height, m 2.0 
Nominal slag thickness, m 0.1 
Thickness of thinslice, m 0.1 
Thinslice length & depth, m  0.6 
Steel density, kg/m3 7000 
Slag density, kg/m3 2800 
Steel temperature, K 1873 
 
Specific gas injection rate, 
𝑄𝑠𝑝, lpm/ton 
1 2 4 
Interfacial tension, 𝜎, N/m 0.5 1.0 2.0 
Slag viscosity, 𝜇, Pa.s 0.055 0.11 0.22 
 
The volume of every entrained slag droplet was 
noted at regular time intervals; the accounted 
droplets were removed from domain to avoid re-
counting. From this, the volumetric entrainment 
rate and droplet size statistics were computed, for 
which, all droplets below 4 mm diameter were 
disregarded, since the smallest mesh size was 1.6 
mm. All simulations were performed until the 
volumetric entrainment rate reached steady state. 
4. Results 
The volumetric entrainment rate obtained from the 
thin slice domain was scaled up to the full ladle 
and normalized with the volume of upper phase, 
VPU (%/s). Results in Fig.5a show that VPU is 
barely affected by slag viscosity and slag-metal 
interfacial tension whereas in Fig.5b, VPU strongly 
increases with gas injection rate and slightly 
decreases with interfacial tension. 
The Sauter mean diameter (d32) was estimated 
from droplet size distribution for various cases. 
The plots inFig.6a and b show that d32 significantly 
increases with interfacial tension (σ). This is in 
accord with the fact that as σ increases, the 
resistance to surface deformation and breakup 
increases. Figure 6a shows that there is no 
systematic effect of the slag viscosity on d32 
whereas Fig.6b shows that Qsp tends to slightly 
increase d32. 
 
 
Figure 4 Meshing scheme for multiphase LESs. With 
this scheme the total number of grid points varied 
between 0.5 and 1.5 million 
 
 
 
 
Figure 5. Entrainment rate (VPU %/s) versus (a) slag 
metal interfacial tension (σ, N/m) for various slag 
viscosity values (μ, Pa.s) and (b) specific gas injection 
rate (Qsp, lpm/ton) for various values of σ 
The topologies of slag metal interface are shown in 
Fig.7. Observing these and considering the results 
discussed above we infer that at slag eye, the 
transfer of liquid steel momentum to liquid slag 
drags down lumps of slag mass at a rate 
proportional to gas stirring rate, while the 
interfacial tension controls the breakup of these 
lumps into droplets of various sizes; whereas the 
slag viscosity does not show significant effect on 
the entrainment characteristics. 
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Figure 6 Sauter mean diameter (d32, mm) for various 
combination of parameters. 
5. Conclusions 
The phenomenon of onset of slag entrainment was 
studied by performing multiphase large eddy 
simulations in a thin slice of domain of a gas 
stirred ladle, for various parametric combinations. 
The results show that the slag entrainment rate was 
controlled by gas injection rate, the droplet sizes 
by slag metal interfacial tension while the slag 
viscosity does not show significant effect on the 
entrainment characteristics. 
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Figure 7 Snapshot of slag metal interface at slag eye area viewed at angle from the inlet, similar to that in Fig. 3 
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Abstract: TATA Steel Limited commissioned its newest integrated steel plant at Kalinganagar, Odisha, which 
produced its first heat in Mar 2016. TATA Steel Kalinganagar (TSK) plant has the distinction of having one of the 
biggest blast furnace and steelmaking vessel (310 tonne) in India. The secondary metallurgy area is equipped with 
(Composition Adjustment by Sealed Argon Bubbling – Oxygen Blowing) CAS-OB technology along with a RH 
degasser. CAS-OB bubbles argon gas into molten steel through a bottom porous plug or submerged J-lance. It bears 
low investment costs, high refining efficiency, simple operation, and it can meet fast paced production requirements. 
Like any new facility, a few challenges where faced in stabilizing CAS-OB. These included achieving designed 
heating rate of 10ᵒC per minute and reheating of 30 to 50 ᵒC in one go. Fine tuning of oxygen/aluminum ratio and 
oxygen blow height, slag foaming due to nitrovan and high carbon ferroalloys addition were some of the other 
issues. This paper tries to catalogue such challenges and actions taken to mitigate the same. 
 
Keywords: CAS-OB, slag foaming, heating rate, snorkel 
 
1. Introduction 
The CAS-OB (Composition Adjustment by Sealed 
Argon Bubbling with Oxygen Blowing) process was 
developed in 1974 by Nippon Steel Corporation to 
improve the argon rinsing station process for 
deoxidation and alloying[1]. The secondary 
steelmaking process involves ferroalloy and flux 
addition for chemistry conformance as well as 
ensuring steel quality and cleanliness. This 
invariably requires heating or steel, which can be 
done using electrical energy or through chemical 
reaction. Here, the rate and cost of heating and the 
effect of chemical heating on steel cleanliness 
become vital parameters which determine the 
efficiency of secondary metallurgy operations. CAS-
OB technology, a secondary steelmaking unit is one 
of the means to achieve chemical heating. Tata Steel 
Kalinganagar (TSK) has incorporated this 
technology in the secondary metallurgy area. The 
CAS-OB unit was commissioned made operational 
in the Mar’2016. Stabilization of the CAS-OB at 
TSK was a challenge since it was a new technology 
for Tata Steel. The challenges faced in stabilization 
of CAS-OB will be discussed here.  
CAS-OB equipment consists of refractory bell or 
snorkel, underneath which alloy additions are done. 
Bottom argon purging of steel ladle is opened at 
relatively high flow rate to create slag free area in the 
liquid steel. Snorkel is lowered from the top and 
submerged below the slag surface (Fig 1). During 
this time the flow of the argon from the bottom plug 
is reduced. As an alternate arrangement, a J lance or 
top lance has been provided which is used in case the 
bottom purging fails. Oxygen lance is lowered 
through snorkel arm for chemical heating. 
 
 
Figure 1 CAS-OB process diagram [4] 
 
CAS-OB does not utilize electrical power to heat the 
steel. On the other hand, exothermic nature of 
aluminium oxidation is made use of. Other 
secondary refining processes such as Ladle Furnace, 
VAD which require electrical energy involve 
240 
 
considerable equipment investment and high running 
costs, including refractories cost. Comparatively 
speaking, CAS-OB requires low investment cost. 
Productivity is good enough due to its other benefits 
viz lesser processing time, excellent and consistent 
alloy recoveries, low maintenance, very less time to 
change snorkel etc.  
In CAS-OB, oxygen is injected through a lance along 
with Al addition. The rate of heating in CAS-OB is 
higher at 10ᵒC/minute when compared to a ladle 
furnace which can heat at 3-4ᵒC/minute [2-4]. The heat 
that is generated due to exothermic reaction between 
Aluminium in steel and Oxygen blown is used to 
raise the temperature of liquid steel. The chemical 
reaction can be written as 
2[Al] + 3[O] = (Al2O3) + 7412.5 kcal/kg of Al    (1) 
The specific heat of liquid steel is 0.2 kcal/kg-deg C 
(879 J/kg.K). The oxidation of 1 kg of Aluminium 
per ton of steel will produce the heat that will raise 
the temperature of steel by approximately 35°C [2]. A 
heating rate of upto 15°C/min in CAS-OB process 
was reported [2,5]. The oxygen flow rate and Al feed 
rate are optimized to active the desired heating rate. 
The CAS-OB is often installed to enable BOFs to 
lower the tapping time by 30 to 40 Deg C. Hence, 
considerable saving on BOF refractory is achieved. 
2. Heating issue 
Commissioning of the equipment had its fair share of 
challenges. At Tata Steel TSK, when first heat was 
taken to CAS-OB for heating purpose to increase 
steel temperature for maintaining the required 
superheat, it was found that the heating failed at first 
instance. The standard process of oxygen blowing 
followed by aluminum cube addition for chemical 
heating was followed, however, no temperature 
increase was registered. Technical team went 
through the incident to find out the reason and it 
revealed that insufficient oxygen line pressure was 
the cause. It came to light that lesser amount of 
oxygen was getting injected which caused high Al in 
steel due to insufficient oxidation of aluminium. 
Hence, the calculated amount of temperature 
increase was not registered. Preventive Maintenance 
and calibration of oxygen line pressure at defined 
frequency was instituted. The oxygen/aluminum 
ratio and blowing height was fined tuned to ensure 
required amount of oxygen and aluminum in the 
system for exothermic oxidation reaction of 
aluminum with oxygen. It enabled to achieve 30-
50ᵒC heating at a stretch. 
 
3. Snorkel issues at CAS-OB 
During the initial days of operation, a number of 
incidences of breakage and free fall of the CAS-OB 
snorkel were reported. Such incidences resulted in 
production down time due to snorkel getting stuck in 
the liquid steel ladle. Safety concern also couldn’t be 
ruled out. The problems were analyzed and reason 
attributed to this was frequent opening of welded 
joints in the lower bell part of the snorkel. The 
quality of the welded joint was improved and 
reinforcement of snorkel was modified. These 
actions improved the snorkel reliability. 
4. Oxygen Lance 
Operation of oxygen lance had some issue like 
bending and breakage. Breaking of oxygen lance 
during the blow was occurring because of jamming 
of aluminum cube in between the lance and snorkel 
neck. The standard practice was to add aluminum 
cube during oxygen blow period. With the occurance 
of this issue, the sequence of operation was changed 
to aluminum cube addition before oxygen blow. 
Other problem with oxygen lance was its bending 
while operation. It was noticed that there was miss 
alignment between oxygen lance and snorkel. This 
issue was taken care off to eliminate the lance 
bending problem.  
5. Production of critical grades 
Sulphur reversal to the tune of 0.001-0.003% was 
noticed if chemical heating done to greater than 
40ᵒC[6]. This is because of oxidizing condition where 
the slag Fe(t)+MnO increased to 7-9%. As is known 
that desulfurization process if favoured in a reducing 
atmosphere. In CASOB desulphurization is difficult 
because of chemical heating generates more Al2O3, 
FeO, MnO. All these conditions generate an 
oxidizing atmosphere and which lowers the slag 
basicity and increase its viscosity. Therefore low 
sulphur grade production was an issue. Synthetic 
slag addition had been instituted to condition slag to 
desulphurise the steel. 
Grades with Carbon >=0.25% may not be feasible 
for production though the CAS-OB route as advised 
by the OEM. This is due to safety concerns involving 
formation of explosive gas mixture such as CO, CO2 
during chemical heating in CAS-OB. When one heat 
with carbon 0.35% was taken to CAS-OB and 
chemically heated to raise the temperature of the 
steel, explosion sound was heard intermittently. Red 
zone on CAS-OB arm and elbow (off gas exhaust 
pipe) was observed. It is due to excessive CO gas 
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generation. To explain this phenomena, reference 
may be made to Ellingham diagram (Fig 2). For this, 
it can be seen that the first element to oxidize is Al 
followed by Si and C (in close proximity). While 
individual oxidation potential of C and Si is 
comparative, when both these elements co-exist in 
steel, the oxygen required or oxidation may be lower 
(around 35-40 ppm). Mn oxidation is 
thermodynamically not favourable at this 
temperature till the oxygen level reaches around 450 
ppm. Hence prior to oxidation of Mn, almost all Al 
and significant quantities of Si and C would have 
been preferentially oxidized. 
   
Figure 2 Ellingham diagram [9] 
 
For steel having medium carbon chemistry (say C 
0.3%, Mn 1.0%, Si 0.25%, Al 0.01%), the dissolved 
oxygen level of 4 ppm is to be ensured. In case any 
thermal heating is required, it is necessary to 
maintain a dissolved Al level of 0.01 wt% at all 
times by adding surplus Al. So long as this level of 
Al is maintained, other elements present in the steel 
would not undergo oxidation. However, once the Al 
level falls below 0.01%, the oxygen in the bath 
increases beyond 4 ppm and may start reacting with 
Si/C.  Such reaction with C is familiarly seen in the 
form of explosive sounds and slag/metal foaming in 
the ladle[7,8].  
Foaming tendency was noticed when making V 
bearing microalloyed steels. To make such grades, 
Nitrovan was added in the heat after chemical 
heating. One such heat experienced slag foaming 
(Figure 3) and resulted burning of cable wire of the 
CAS-OB. It resulted in significant equipment outage. 
To subside the slag foaming, slag was conditioned 
with addition of Al shots and spar. This made the 
slag reducing in nature and increased its fluidity 
thereby subsiding the foam. 
 
 
Figure 3 Foam slag after Nitrovan addition with previous 
addition practice 
Slag foaming is the ability of slag to generate foam 
from either injected gas or gas that is generated 
within the slag or metal. Nitrovan16 is essentially 
nitrogen enriched vanadium in the form of vanadium 
nitride. It contains 76-81%V, 3-6%C, 14-19% 
nitrogen etc. High carbon content of Nitrovan will 
form CO gas after reaction with the oxidized slag 
and may foam the slag.  The solubility of nitrogen in 
steel bath is around 0.045% at 1600ᵒC temperature. 
When nitrogen availability is exceeded beyond the 
max solubility, the excess nitrogen bubbles out of the 
steel and escape through the slag and into the 
atmosphere. Nitrovan is less dense (≈3g/cc) than 
steel (7g/cc) so that nitrovan will remain in the slag-
metal interface area. The excess nitrogen that travels 
through the slag and into the atmosphere causes the 
slag to foam due to its entrapment in the slag[7,8].  
Vigorous purging helps to reduce the localized 
concentration of nitrogen and entrapment in the slag 
mass. It should be done for 2-3 minutes to eliminate 
nitrogen, CO gas entrapment in the slag volume. On 
the other hand bulk addition at once should be 
avoided. It may cause very high localized 
concentration of nitrogen which may exceed 
>0.045%. Further it will lead to slag foaming. It 
would found that is better to add the bags of 10kg 
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Nitrovan individually, which helps spread the 
Nitrovan throughout the molten steel in the ladle.  
6. Conclusions 
CAS-OB unit provides a simple, although less 
popular option for secondary metallurgy operation. 
Tata Steek Kalinganagar Works successfully 
commissioned at CAS-OB unit to produce a range of 
grades including microalloyed as well as medium to 
high carbon steels. Producing heats which required 
Nitrovan addition was a hurdle due to slag foaming. 
Same problem was encountered when producing 
grades which required coke addition. Good slag 
making with fluid and killed slag helped to eliminate 
slag foaming issue in Nitrovan added heat. Providing 
sufficient deoxidizers in the form Al was also helpful 
to prevent foaming. Control of snorkel refractory 
breakage and fall and achieving required chemical 
heating rate has been possible now while producing 
through the CAS-OB route. 
References 
1. Review of CAS-OB process, Tata Steel Internal 
Report, Balakrishnan V 
2. Commissioning and initial results from new twin 
CAS-OB plant at Ruukki, Rahhe Steel Works, Seppo 
Ollila, Antti Syrjannen, Ruukki Metals Oy Dr. Robert 
Robey, SMS Mevac UK Ltd., 6th European Oxygen 
Steelmaking Conference – Stockholm 2011. 
3. Steel University.org, Secondary steelmaking 
simulation user manual, 2004, University of Liverpool.  
4. Steel Melting Shop, Tata Steel Kalinganagar, 
Training Manual, 2014. 
5. The CAS-OB process in the steel shop at SSAB 
Tunnplat AB, Lulea works, L.Nilsson, et al, 
Scandinavian Journal of Metallurgy, 1996,25, pp 73-79  
6. Start-up and some experience of CAS-OB at 
POSCO, ch-s. Ha_ j.-m. Park, metallurgy metal and 
materials, volume 53 2008 issue 2, POSCO Technical 
Research Laboratories, Pohang, Korea.  
7. Success of stabilizing addition practice of Nitrovan-
16 in CAS-OB without slag foaming and achieving low 
sulphur through CASOB at TSK Plant, Tata Steel 
Internal Report  
8. Development of high carbon grades C62, C75 and 
C80 at TSK Plant, Tata Steel Internal Report 
9. Making Shaping and Treating of Steel, 11th Edition, 
Editor R J Fruehan 
 
  
          
 
243 
 
DEVELOPMENTS IN IN-SITU ALLOYING DURING ELECTRO-SLAG 
REFINING OF LOW ALLOY STEEL 
 
Kapil Surve, Vishwas Goel and Somnath Basu 
Metallurgical Engineering and Materials Science Department 
Indian Institute of Technology Bombay, Mumbai,India 
Corresponding author's e-mail: somnathbasu@iitb.ac.in 
 
 
Abstract:  Oxidation of alloying elements is a common phenomenon during electro-slag refining of alloy steels. 
Elements like Ti, Si, Mn, Cr and Mo tend to ract with oxygen from air as well as oxide film on the electrode 
surface. Aluminium is commonly added to the ESR mould, int he form of wire or shots, while processing high 
alloy steels, in order to deoxidise the melt and prevent loss of alloying elements.This practice can be utilised to 
carry out alumino-thermic reduction of several oxides and obtain alloying with the respective elements directly 
in the ESR mould. This paper presents the observations during in-situ Cr alloying in ESR-processed steel, using 
Cr2O3 concentrate as a raw material. The processed steel was found to be significantly enriched with Cr. The 
findings indicate to a possibility of in-situ alloying during electro-slag refining of a leaner composition, and also 
prevention of oxidation loss while processing steels with higher Cr concentration, e.g. stainless steels. 
 
Keywords:  Electro-slag refining (ESR), alloying, recovery 
 
1. Introduction 
Addition of ferroalloys to liquid steel is the most 
widely followed process of providing the alloying 
elements necessary in any steel grade. The 
ferroalloys themselves are produced from mineral 
resources by consumption of energy, reductants, 
time and effort. In addition, most of the commonly 
used ferroalloys are manufactured in the molten 
form, solidified for storag and transportation, and 
then added to liquid steel for melting and 
assimmilation. Hence, ferroalloys are costly inpout 
materials for steelmaking. A few years back, 
attempts were initiated to reduce oxides like Cr2O3 
and MnO in the ESR mould itself and carry out in-
situ alloying of the steel with elements like Cr and 
Mn, while carrying out electro-slag refining. 
The process of electro-slag refining (ESR) is well 
known for production of high cleanliness steels. It 
involves melting of an electrode by resistive 
heating through a slag pool, and solidification of 
the droplets at the bottom of the pool. Steel of the 
desired overall chemical composition is prepared 
before-hand and shaped in the form of an 
electrode. This requires addition of the necessary 
ferro-alloys to the liquid steel in order to attain the 
aimed concentration of alloying elements. The 
present work aims to explore the feasibility of 
reducing oxide ore(s) of some of the elements, in 
order to enable in-situ alloying of the steel while 
carrying out electro-slag refining. 
2. Experimental procedure 
The standard configuration of electro-slag refining 
setup is well known; hence its description is 
restricted to Figure 1. The technical details are 
listed in Table 1. The refining process, in the 
present work, adopted a cold start method. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Schematic view of the ESR assembly 
The ESR flux of the desired composition was 
preheated to 900°C before addition to the mould to 
remove the adsorbed as well as chemically 
combined moisture, and also decompose whatever 
carbonate, sulphide, sulphate and hydroxide might 
have formed upon exposure to the atmosphere. The 
base flux contained CaF2 and Al2O3 in the ratio 
7:3, and was prefused to ensure uniform 
composition. Each experiment was performed with 
approximately 1 kg of flux and 8 kg of steel. 
In earlier experiments, the entire amount of the 
oxide to be reduced (Cr2O3) had been added to the 
ESR mould in a single instance, or at most over 
two instances.[1,2] That approach did cause 
reduction of Cr2O3 but the Cr concentration in the 
resulting ingot was grossly inhomogeneous. It 
showed local maxima corresponding the instances 
of Cr2O3 addition (Figure 2). 
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Table 1 Technical specifications of the ESR equipment 
 
Parameter Value 
Electrode diameter 20 – 45 mm 
Internal diameter of mould 80 mm 
Mould length 300 mm 
Voltage 30 – 50 V 
Current 400 – 1500 A 
Mould type Stationary, fixed starting block 
Electrode travel speed 0.5 m min–1 max 
Electrode movement DC motor, variable voltage 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Variations of Cr2O3 content in slag and Cr 
content in the solidified ingot (from [1]) 
(Block arrows indicate addition of Cr2O3) 
Therefore, the procedure of experiments was 
modified to enable Cr2O3 addition at a uniform 
rate throughout the duration of refining. A mixture 
of Cr2O3 and aluminium powder, in calculated 
proportion, was filled inside a steel tube to 
resemble a flux-cored wire. The filled-in tube was 
attached to the electrode prior to start of the 
refining process. Additional amount of aluminium 
required was added in the form of commercial-
purity Al wire, attached to the electrode along with 
the Cr2O3-cored tube. Figure 3 shows the 
transverse view of the arrangement. Mild steel 
rods of 30 mm diameter were used as electrode. 
The starting material contained 0.25% C, 0.50% 
Mn, 0.45% Si and 0.02% Cr. The increase of 
chromium content was measured by collecting 
samples from different locations of the solidified 
ingot, each corresponding to a different instance in 
time during refining. Samples of slag were 
collected by dipping copper rods into the slag pool 
from the top, taking care to avoid short-circuiting 
between the mould wall and the electrode.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Arrangement of Al wire and Cr2O3-filled tube 
The steel tube, after filling with the mixture of 
Cr2O3 and Al powders, was crimped at regular 
intervals to prevent the powder from falling down 
once the tube was made vertical. The quantity of 
Cr3O3 added was maintained between 5% and 15% 
of the slag mass 
3. Results 
3.1 Reduction of Cr2O3 
Al caused reduction of the Cr2O3 added, as per the 
reaction below. It also scavenges the oxygen 
picked up from the atmosphere. The Cr formed 
dissolves in the molten metal and Al2O3 joins the 
slag. 
2 {Al}l + (Cr2O3)slag = (Al2O3)slag + 2 [Cr]steel  (1) 
A mathematical model was develop to predict the 
transfer of Cr from slag pool to the solidifying 
metal, resulting from reduction of Cr2O3 to Cr. The 
model is able to estimate the melting of Al, transfer 
of Cr to the molten pool and its assimmilation in 
the solidifying metal. The mathematical details and 
initial results were presented elsewhere.[3] The 
reaction was assumed to proceed through the 
following steps : 
(a) melting of Al and dissolution in steel 
(b) melting/dissolution of added Cr2O3 
(c) reaction between [Al] and (Cr2O3) 
Mass transfer of Cr2O3 in the slag, and that of [Cr] 
in the liquid steel droplet, were considered as 
potential rate limiting steps. The chemical reaction 
itself was considered fast enough since the system 
temperature was well above 1600°C. Figure 4 
illustrates the change in [Al] and [Cr] 
concentration in the molten steel droplet, as a 
function of time, for 5% Cr3O3 addition. Figure 5 
shows the corresponding changes in Al2O3 and 
Cr3O3 concentrations in the molten slag. 
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Figure 4  Progress of [Al] consumption and [Cr] 
enrichment in liquid steel droplets 
 
 
 
 
 
 
 
 
 
Figure 5  Cr2O3 consumption and Al2O3 enrichment in 
the slag 
It can be seen clearly that reduction of Cr3O3 in the 
vicinity of a steel droplet, and transfer of the [Cr] 
generated from droplet-slag interface to the interior 
of the melt, was practically completed within 0.6 s. 
It is interesting to note that mass balance involving 
input flux, steel electrode, other additions, final 
slag and steel ingot, showed a loss of chromium in 
all the experiments conducted. As shown in Figure 
6, the apparent loss of chromium varied between 
15 and 25% of the total Cr input. 
 
 
 
 
 
 
 
 
 
Figure 6  Loss of Cr during the refining process 
This could be attributed partly to the loss of Cr2O3 
fines in the fume suction system, as well as 
incomplete dissolution in the slag. However, other 
means of loss from the system, e.g. evaporation, 
cannot be ruled out. Seethraman et al. [4] have 
reported the evaporation of chromium oxide from 
liquid slag under oxidising atmosphere, at 
temperature above 1800 K. Since all the ESR 
experiments were carried out exposed to air, at 
temperatures exceeding 1600°C, this possibility 
needs to be investigated further. 
One major advantage of this method is the lower 
overall CO2 foot-print, per unit quantity of Cr 
alloyed. Every 1% Cr alloying achieved by this 
method was estimated to cause 12-15% less CO2 
emission, compared to the conventional process of 
ferro-chrome manufacture and addition to obtain 
Cr alloying.[5,6] The energy consumed for ferro-
chrome production is the largest contributor to this. 
However, it needs to be clarified here that ESR-
based in-situ alloying will also be electricity-
intensive, and would be beneficial only in those 
steel grades that are anyway processed through 
electro-slag refining for other purpose, even 
without enhancement of any alloying element. 
These include steel grades for aerospace 
components, bio-medical devices and defence 
applications. 
4. Conclusions 
It was possible to increase the Cr concentration in 
steel during electro-slag refining by alumina-
thermic reduction of Cr2O3 from the slag. This 
opens up possibility of enriching steel grades with 
other alloying elements like Mn and V as well, by 
in-situ reduction of the corresponding oxides. 
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Abstract: High temperature confocal scanning laser microscope (HT-CSLM) was used to characterise non-
metallic inclusions in molten steel. CSLM studies were performed on calcium treated and non-calcium treated 
samples to obtain information such as the average size, shape and agglomeration behaviour of inclusions. For 
the sample collected prior to calcium treatment, the average size of inclusions is found to increase rapidly with 
holding time, while in calcium treated samples no significant increase in average size of inclusions was 
observed for the same amount of holding time at 1513°C. The shift in size distribution of inclusions to larger 
sizes was attributed to change in their agglomeration behaviour. Prior to calcium treatment inclusions are 
primarily composed of alumina which are solid at steel making temperature and exert strong capillary attractive 
forces on each other, while after calcium treatment the composition of inclusions is modified which reduces the 
agglomeration tendency of inclusions. SEM studies clearly shows the modified calcium aluminate inclusions in 
calcium treated samples and solid alumina inclusions in non-calcium treated samples.  
 
Keywords: Clean steels, confocal microscope, inclusions, calcium treatment.  
 
1. Introduction 
Steel cleanliness is an important topic and there 
is a great demand for improvement in cleanliness 
of steel. Non-metallic inclusions in steel are 
harmful as they may cause problems during 
continuous casting of steel as well as deteriorate 
the mechanical properties of final products[1-6].  
During steel making process, steel is deoxidized 
with aluminum which results in formation of 
solid alumina inclusions at steel making 
temperatures. Agglomeration behavior of these 
inclusions results in formation of large inclusions 
which could result in nozzle clogging during 
continuous casting. Inorder to modify these 
inclusions, steel is normally treated with calcium 
addition in ladle furnace which converts solid 
alumina inclusions into liquid calcium aluminate 
inclusions which helps in avoiding nozzle 
clogging and improving the mechanical 
properties[5-8]. The size, shape and distribution of 
oxide inclusions can greatly affect the 
mechanical and performance properties of steels.  
To further improve the processing of clean steel, 
it is essential to understand the inclusion 
formation and their agglomeration behavior at 
high temperatures where steel is in molten 
condition. Confocal microscopy is an excellent 
technique which enables in-situ observation of 
inclusions in molten steel samples[4-6]. 
This study presents the characterization of 
inclusions in calcium treated steel using in-situ 
2D confocal scanning laser microscopy and 
compared with non-calcium treated steels. 
Further, SEM-EDS studies were also carried out 
to understand the chemistry and morphology of 
inclusions in these steel samples. 
2. Experimental procedure 
Samples of aluminium-killed steels were 
supplied by Rastriya Ispat Nigam Ltd, 
Visakhapatnam Steel Plant, India. Composition 
of sample (in weight %) collected prior to 
calcium treatment was 0.16 % C, 0.67 % Mn, 
0.011 % P, 0.012 % S, 0.23 % Si and 0.027 % Al 
and for sample collected after calcium treatment 
it was 0.16 % C, 0.67 % Mn, 0.011 % P, 0.012 
% S, 0.23 % Si, 0.027 % Al and 0.0022 % Ca.  
For CSLM studies, steel samples were machined 
into 2 mm cube and placed inside an alumina 
crucible, contained within a Pt crucible and lid. 
Thereafter, it was placed on an alumina spacer 
to prevent sticking to the Pt sample stage. Figure 
1(a) shows the confocal microscopy, while 
figure 1(b) shows the sample stage in CSLM. 
The experimental chamber in CSLM was 
evacuated and refilled with high purity argon 
three times to remove any impurities from the 
sample surface. The sample was heated to a 
molten state at 1513 °C for several minutes to 
image the inclusion behaviour for both the 
samples. The argon gas was switched off while 
collecting images so that the surface became 
still to observe the inclusions and their 
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agglomeration behaviour on molten steel surface 
of the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (a) High temperature CSLM; (b) sample 
stage in CSLM 
 
3. Results and Discussion 
Figure 2 represents CSLM images showing the 
variation of inclusion size in molten steel at 1513 
°C in non-calcium treated sample. It is evident 
from the images that the average size of 
individual inclusions is found to be small in the 
initial stages of holding (120 sec), but after 
holding for 369 sec, the inclusions started 
agglomerating to form large clusters in non-
calcium treated sample. Figure 3 represents the 
CSLM images showing the variation of inclusion 
size in calcium treated sample held at 1513 °C. 
In comparison to non-calcium treated sample, the 
average size of inclusions in calcium treated 
sample was found to be small in the initial stages 
of holding at 1513 °C. Also, it was observed that 
there is no significant increase in inclusions size 
even after holding for longer time at 1513 °C in 
calcium treated sample. This indicates that the 
agglomeration behaviour of inclusions was 
considerably slowed down due to calcium 
treatment of steel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 CSLM images showing the variation of 
inclusion size with time in non-calcium treated molten 
steel at 513° C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 CSLM images showing the variation of 
inclusion size with time in calcium treated molten 
steel at 1513 °C 
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Figure 4 Variation of inclusion size with holding time 
at 1513 °C for non-calcium treated steel 
 
 
 
Figure 5 Variation of inclusion size with holding time 
at 1513 °C for calcium treated steel 
 
In order to understand the inclusion size 
variation with holding time, we measured the 
particle size at different times using CSLM 
videos and plotted the results for non-calcium 
and calcium treated steels as shown in figure 4 
and figure 5 respectively. As shown in figure 4, 
the average size of inclusions was observed to be 
2 to 3 µm, whereas holding for longer time of 
about 369 sec resulted in formation clusters with 
an average size of 8-9 µm. However, in case of 
calcium treated steel, the average size was found 
to be more or less constant (1 to 2 µm) even after 
holding for 536 sec as shown in figure 5. Similar 
observations were made by Yin et al[7] on 
agglomeration behaviour of inclusions in steels 
using confocal microscopy. They mentioned that 
in case of prior calcium treatment, alumina 
inclusions are solid at steel making temperatures 
and their strong attractive forces between these 
solid inclusions results in the formation of large 
size of inclusions after holding steel for few 
seconds at molten state. In case of calcium 
treatment, modification of solid alumina 
inclusions into liquid calcium aluminate 
inclusions results in weaker force of attraction 
between inclusions there by reducing the 
clustering tendency to form large agglomerates 
in molten steel.  
 
 
 
Figure 6 SEM images and EDS maps showing the 
morphological modification of inclusions before and 
after calcium treatment 
 
In order to study the morphological changes that 
occur due to calcium treatment of steel, SEM 
studies were performed on both non-calcium 
treated and calcium treated samples as shown in 
figure 6. As shown in figure 6, before calcium 
treatment inclusions were polygonal in shape and 
their EDS analysis clearly shows the presence of 
aluminium and oxygen in the inclusion, but no 
calcium and sulphur which proves that these are 
solid alumina inclusions in steel. After the 
calcium treatment, inclusion morphology 
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250 
 
modified to near spherical shape and also a 
presence of sulphur ring can be observed on the 
outer surface of inclusion. It has been previously 
reported[5,8,9] that the calcium treated inclusions 
show a sulphur ring around the inclusions as 
shown in figure 6. This study clearly shows the 
application of CSLM for 2D in-situ observation 
of inclusions behaviour in molten steel and the 
effect of calcium treatment on modification of 
inclusions in steels.  
4. Conclusions 
High temperature confocal microscopy was used 
to observe oxide inclusions behaviour on molten 
steel surface for calcium modified and non-
calcium modified steels. 
Variation of inclusion size and their 
agglomeration behaviour was observed as a 
function of time in molten steel at 1513 °C. 
It was observed that the calcium treatment results 
in modification of solid alumina inclusions to 
liquid calcium aluminate inclusions thereby 
reducing the clustering tendency of inclusions to 
form agglomerates in molten steel as compared 
to non-calcium treated steels.   
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Abstract:  Fluid flow and residence time of liquid in tundish is very important for refinement such as inclusion 
flotation, alloy trimming additions and superheat control. Tundish flow and mixing can be studied effectively by 
CFD based comprehensive model.  However, due to high computational time for the CFD models, computationally 
efficient reactor modeling concepts are applied by considering the flow in tundish as a combination of Plug flow 
(PFR), completely stirred tank reactor (CSTR) and Dead zone. The combined reactor flow model is then further 
extended for multi-strand tundish, considering single inlet and multiple outlet. The model developed will be able to 
predict tundish outlet under various conditions such as Grade mix condition, inclusion concentration, and superheat 
temperature profile. This can be developed into a software system for controlling the casting speed in single or 
multi-strand caster for better quality control and productivity.   
 
Keywords: Real time model, Multi-strand Tundish, CSTR and Plug flow reactor, Superheat control 
1. Introduction 
In continuous casting of steel, tundish plays an 
important role of distributing liquid steel to a 
single caster or multiple casters. It acts as a buffer 
for supplying liquid steel sequentially from many 
ladles, and provides the opportunity to carry out 
various metallurgical operations, such as inclusion 
flotation, alloy trimming addition, calcium 
treatment for inclusions and superheat control. 
These operations have gained considerable 
importance due to their relevance to quality. 
The tundish process for fluid flow, temperature 
profile, composition and inclusion control is 
extensively studied both experimentally and 
computationally[1-4]]. The CFD based models are 
based on fundamental principles, and ideal for 
design of tundish, dams for flow control and 
process parameter analysis. However due to high 
computational time of CFD based models, it 
cannot be applied for online prediction and control. 
For the online applications, tundish outlet 
temperature and other parameters can be predicted 
by considering the tundish flow as a combination 
of reactor flows, such as laminar flow or plug flow 
reactor (PRF), mixed flow or completely stirred 
tank reactor (CSTR) and dead zone[2,3,5]. The 
streamlines for CFD model of tundish is shown in 
Fig. 1[6], where straight lines indicate PFR region 
and circulating region indicates CSTR or dead 
zone, which is then estimated to develop the 
reactor model for the tundish.   
 
       
Figure 1 Stream lines from CFD model, showing the 
laminar and mixed flow regions in tundish 
This kind of prediction tool is very helpful for the 
operators as an alternative source of information to 
control the process parameters such as casting 
speed. When the tundish outlet temperature or 
superheat goes up, the casting speed have to be 
lowered or vice versa. By using the prediction tool 
the operator will have more confidence and 
assurance to plan the casting speed accurately. 
2. Methodology 
The tundish flow and dynamics is represented by a 
combination of Plug Flow Reactor (PFR), 
Continuous Stirred Tank Reactor (CSTR), and 
Dead Zone, which is also a CSTR with twice the 
252 
 
residence time[7], as shown in Fig. 2.  In this 
context of fluid dynamics the CSTR represents the 
turbulent flow and the PFR represents a laminar 
flow. The guiding principles for developing the on-
line model are: 
1. Simplification of the actual process, and also 
retaining the physical interpretation of flow. 
2. Fast and computational efficiency 
3. Accuracy of simulation 
4. Computational stability 
The tundish model simulation has specific goals to 
create a tool, which can predict: 
 The tundish outlet temperature or Superheat 
temperature for casting speed control 
 Tundish o utlet composition for Grade change 
conditions 
 Inclusion minimization, at the tundish outlet to 
control nozzle clogging and quality 
 
  
Figure 2 Reactor model for single strand tundish, based 
on combination of PFR, CSTR and Dead zone 
For PFR, the most important characteristic is the 
concentration varying with the reactor length. The 
plug flow model is developed considering 1-D 
laminar flow with diffusion or Peclet number.  The 
transient partial differential equation is solved by 
finite difference method using generalized Cranck-
Nicholson technique. The equation for PFR is 
shown below: 
𝜕𝑇
𝜕𝑡
+ 𝑢
𝜕𝑇
𝜕𝑥
= 𝐷
𝜕²𝑇
𝜕𝑥²
+ 𝑆𝑝𝑇 + 𝑆𝑐  (1) 
The time step is evaluated by CFL stability 
criteria, viz.,  
𝑑𝑡 ≤
𝑑𝑥2
2𝐷
                                (2) 
 
The equations are solved by tridiagonal matrix 
solver, and the boundary conditions considered 
are:  
Inlet condition: Known inlet temperature or 
composition:     𝐶𝐴𝐼𝑛𝑙𝑒𝑡 = 𝐶𝐴0 
Outlet condition:  The composition gradient is 
zero:       
𝑑𝐶𝐴
𝑑𝑥
= 0 
The characteristics of the CSTR reactor are, 
uniform concentration at all points inside the 
reactor (perfect mixing). The concentration is 
dependent on the residence time and reaction rate, 
and the CSTR have the following equation: 
𝑉
𝑑𝑇
𝑑𝑡
= 𝐹(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) − 𝑉𝑆𝑝𝑇𝑜𝑢𝑡                        (3) 
The models are developed in a modular fashion for 
PFR, CSTR and dead zone. For multi-strand 
tundish such as six strand tundish is solved for 
three strands, considering tundish symmetry as 
shown in Fig. 3.  
 
 
Figure 3 Six strand tundish is solved for three strands 
considering symmetry condition 
The six strand tundish is modeled by considering a 
separate pouring chamber-A (PC-A) and three 
strands, Caster-1, Caster-2 and Caster-3, which are 
all combinations of PFR, CSTR and Dead zone as 
shown in Fig. 4.  
3. Results and Discussion 
To analyze a single strand tundish, we can give a 
pulse tracer input and observe the response at the 
outlet. Combination of the three output will give 
the overall tundish output.  If the volume fraction 
of PFR, CSTR and dead zone are different, then 
even if the response of the three type of reactors 
are same, their combined response or output will 
be different as shown in Fig. 5, for 30% and 40% 
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plug flow. For the model calculations, the 
residence time of PFR is taken as standard and 
equal to the residence time of the overall reactor 
(𝜏 = 𝜏𝑝), and the residence time for dead zone is 
taken as twice the standard value (𝜏𝑑𝑧 = 2𝜏𝑝), and 
the balance is the residence time for CSTR. 
 
 
 
Figure 4 Reactor model for multi strand tundish, based 
on combination of PFR, CSTR and Dead zone 
 
 
Figure 5 Result for PFR, CSTR and Dead zone, and 
overall output for Case1: 30% and Case2: 40% PFR 
 
Fig. 6 shows output profiles with prominent double 
peaks, which is obtained by using single CSTR 
instead of two CSTRs in series.  Physically this 
signify short circuit or very low residence time for 
part of the fluid, which is not ideal for the tundish 
flow and design change, or dam positions are 
modified to overcome this. 
 
Figure  6 The outlet profile shows double peak, when 
single CSTR is used, which indicates short circuit. 
The results of six strand symmetric tundish is 
shown in Fig. 7, for pulse input and output from 
the pouring chamber (PC-A) and the three outlets 
of caster1, caster2 and caster3. The residence time 
can vary in the three casters, although the mean of 
the three strand will be equal to the residence time 
of the tundish.   
 
 
Figure 7 Results of six strand tundish for pulse input 
In the case of grade change, there is a step change 
in composition with a new ladle with a different 
grade or composition of steel.  From the response 
curve we can evaluate the changes from initial 
composition of grade-A to the final composition of 
new grade-B[7].  Fig. 8 shows the composition 
change for the six strand tundish.  The composition 
change is very fast in PC-A, and at the outlets 
caster1 has minimum mix grade region for, while 
caster3 has the maximum mixed grade region. In 
general high plug flow region, and minimum dead 
zone is best suitable for handling grade change 
phenomena. 
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Figure 8 Result for multi strand caster for step input 
 
For predicting the tundish outlet temperature or 
superheat temperature for casting speed control, 
we have to know the on-line data for ladle teeming 
temperature [6].  If the ladle teeming temperature of 
all the ladles in sequence casting is known, the 
superheat temperature profile can be predicted 
continuously from this model.  
4. Concluding remarks 
The real time model developed here for single and 
multi-strand tundish is qualitatively compared with 
the results published in literature.  The result 
shows that it can capture all the important trends in 
tundish outlet.  Since this is a simplified physics 
based model, it has to be fine tunned and 
customized with the actual tundish data, before it 
can be used for on-line or off-line analysis.  The 
salient features of the study can be summarized as 
given below: 
1) Real time model for tundish process have 
been developed based on combination of 
PFR, CSTR and dead zone (CSTR with 
twice the residence time). 
 
 
 
 
 
 
 
2) The PFR and CSTR models are based on 
partial differential equations, and they are 
solved by finite difference method and 
Crank-Nicholson technique. The model is 
developed in a modular fashion, such that 
it can be used for single as well as multi-
strand tundish. 
 
3) For multi-strand tundish such as six strand 
tundish, separate pouring chamber (PC-A) 
and three strands Caster-1, Caster-2 and 
Caster-3 is modeled, considering tundish 
symmetry. 
 
4) Process model based control system can 
be developed based on the real-time 
tundish model for process automation and 
control.  
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Abstract: Development of newer grades of steel and their production within the limitation of the plant within a 
short timeframe is a challenging task as this depends to a large extent on experimental and plant trials and 
empirical knowledge of experts. Advances in computational materials engineering (CME) have enabled better 
understanding of the material evolution and its properties as well as help design new materials and processes. 
Coupled with this, the advances in modern data analytics has made creation of models and knowledge from the 
large data available in the industry. These advances made possible adapting integrated approaches to realize 
faster product development and deployment with reduced dependency on experiments. Integrated 
Computational Materials Engineering (ICME), a new paradigm in this regard, is gaining widespread acceptance. 
This paper focuses on the application of ICME concepts for development of advanced high-strength steels, in an 
integrated fashion linking secondary steel making to final sheet properties. This framework involves multiple 
processes incorporating multiple physics at multiple length scales, with strong integration across process 
models. Such a framework helps understand the impact of the upstream operations on down stream operations 
and the product quality. We further discuss application of principles of robust design on top of these models 
help obtain robust set points. 
 
Keywords: ICME, integrated process modelling, decision support, AHSS 
 
1. Introduction 
There is an ever increasing need to accelerate the 
product development time while reducing the 
cost of development as well as the cost of 
product to be competitive for the manufacturing 
industry. One of key bottle necks faced in this 
regards relates to materials and their deployment 
in products as the knowledge related to materials 
is largely dependent of long drawn experimental 
support and experiential knowledge. Many other 
disciplines such as structural analysis or fluid 
flow analysis have embraced modeling and 
simulation significantly, reducing the need for 
expensive prototype testing and materials 
engineering needs to adapt similar strategies to 
accelerate product development. Besides these, 
the ability to control processes tightly have given 
rise to immense possibilities of microstructural 
engineering helping address diverse needs and 
economies of scale. Recent developments in 
advanced high strength steels have to a 
reasonable extent embraced these aspects. 
US National Academy of Sciences’ National 
Research Council (NRC) Report on Integrated 
Computational Materials Engineering[1] 
highlights the importance of development of 
appropriate frameworks and integration 
methodologies so that materials engineering, 
component design and manufacturing 
engineering are seamlessly integrated to enable 
engineers to make decisions on the desirable 
performance metrics. This is described as a new 
discipline of Integrated Computational Materials 
Engineering (ICME).  
ICME is envisaged to bring in in greater synergy 
between materials development cycle and the 
product development cycle. Besides the 
development of multiscale computational 
materials engineering tools, it was envisaged that 
use of state-of-the-art in data sciences, 
knowledge engineering and an enabling IT 
infrastructure along with repositories of 
appropriate data and models will help enhance 
ICME capabilities.  
The TMS study on ICME released in 2013[2]  
further elaborated the ICME strategies to be 
adopted with focus on specific sectors – 
automotive, aerospace and maritime industries.   
Prominent reports and books on ICME include a 
report on multi-scale modeling[3], monographs 
and books by numerous authors viz., Raabe et 
al.[4], Gottstein[5] , McDowell et al.[6] , Schmitz 
and Prahl[7], Horstemeyer[8] and so on. 
Application of ICME for the steel industry is 
gaining significance. Timken has used ICME 
concepts to accelerate development of a 
manufacturing line involving tube making[9]. 
Significant programs on AHSS development 
using ICME concepts can be found in [10, 11]. 
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2. Application of ICME for AHSS  
Challenges in commercial production of 
advanced high strength steels involves two key 
aspects (a) development of new chemistry and 
processing windows to achieve target properties 
and (b) scale-up of the production within the 
constraints of a given plant infrastructure. The 
first aspect is addressed as a materials design 
problem and the second is a scale-up problem. 
The material design problem should be able to 
provide means for microstructural engineering 
through chemistry and process conditions to 
achieve target properties or performance in an 
application. From a scale-up perspective, a 
typical AHSS steel-sheet production involves a 
number of unit operations from secondary-steel 
making in the ladle, continuous casting, hot and 
cold rolling followed by inter-critical annealing 
as shown in Fig. 1. Coming up with right set-
points for each unit operation across the 
production chain so that one can produce the 
steel grade under consideration, in the plant with 
minimum trials is a considerable challenge. Here 
we discuss one example for each of these 
aspects. 
 
 
Figure 1 Schematic of operations for steel sheet 
production 
2.1 Material design through multi-Scale 
modeling 
The key properties of strength, ductility and 
formability of the AHSS sheet are developed 
during the rolling and inter-critical annealing 
operations through appropriate microstructural 
engineering aided by appropriate chemistry 
selection. In order to model and study these 
aspects, the workflow presented in Fig. 2 is 
used[12,13]. 
 
Figure 2 Horizontal (process chain) and vertical 
(scales) integration for prediction of sheet properties 
 
This workflow involves a combination of 
continuum scale thermal and deformation 
models coupled with microstructural scale 
models using phase-field and FEM based 
methods. The microstructural models are 
addressed at the representative volume element 
(RVE) level. Starting from a cold-rolled steel 
microstructure, a phase-field model tracks 
evolution of solid-state transformations 
involving formation of austenite and ferrite. It 
was assumed that the entire austenite converts to 
martensite during quenching.   Subsequently, a 
micromechanics based analysis predicts the flow 
curves of the RVE subjected to diverse bi-
directional strain conditions and this was further 
used to estimate a microstructural-equivalent of 
formability limit curve. Summary results of this 
work are shown in Fig.3 and are in line with 
what is expected. Further details of this work can 
be found in references[12,13]. Through these 
models, one can arrive at reasonable bounds of 
chemistry and processing conditions which can 
help reduce further experimentation. 
 
 
 
Figure 3 Predictions of phase field models, Flow curve 
and FLC predicted by RVE scale analysis using 
microstructure from phase field models 
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2.2 Process scale-up for robust set-points 
Here we address the issue of scale up for 
obtaining robust process-set points to reduce the 
time and investment required for expensive plant 
trials to make the production viable in the plant. 
The key to effective industrial scale production 
involves not only achieving the target properties, 
but also achieving desired quality and 
productivity at minimal cost with the given 
infrastructure. A problem of this kind involves 
many trade-offs in terms of goals at each stage. 
All these unit operations have significant 
interdependence and require concurrent decision 
making, to meet the product requirements and 
cost targets. 
For example, the casting speed – which needs to 
be as high as possible for enhanced productivity 
– can introduce a number of defects such as 
segregation and internal cracks. Similarly, for 
higher casting speed, a low superheat at the 
tundish outlet is desired and may also lead to 
lower residence time in tundish which may put 
additional burden on ladle processing time and 
may have adverse effect on chemistry 
(impurities) and level of inclusion in the melt. 
Therefore, these changes in ladle and tundish 
operations can change the state of inclusions in 
the cast product and thus finding the desirable set 
points for each unit operation turns out to be a 
coupled problem. We have addressed this 
problem through a set of CFD based models for 
addressing multi-phase fluid flow and heat 
transfer related problems, thermodynamics and 
kinetics based models for chemistry evolution 
and inclusion formation, thermo-mechanical 
models for stresses in the solid, etc.  
 
 
 
Figure 4 Schematic of method used for design of set-
points for Ladle-Tundish-Caster coupled problem 
solved on our TCS-PREMΛP platform 
 
The coupled problem is posed as a compromise 
decision support problem and accordingly a tool 
available in our platform is used to get robust 
set-points for each of these unit operations. This 
method is schematically illustrated in Fig. 4[14]. 
The above process is implemented on our TCS-
PREMAP platform. The workflow once 
established and used for solving one problem can 
be repeatedly used for diverse product needs for 
the same combination of unit operations. 
3. Summary 
We have discussed the advent if ICME and its 
application to the design of material as well as 
scale up for AHSS grades of steel. 
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Abstract: Modified single slab caster tundish has been studied for inclusion floatation using mathematical 
modelling approach. A combined CFD-DPM approach is adopted for this purpose. Simulations were carried out 
using FLUENT 16.1. Single size as well as mixed size inclusions in the size range of 20 to 130 microns were 
fed into the tundish. All inclusions were tracked during the simulation. Inclusion separation efficiency for the 
modified slab caster has been quantified and compared with the efficiency of tundish and qualitatively with the 
efficiency of tundish modified by conventional flow control devices.  
 
Keywords: Non-metallic inclusions (NMI’s), Flow modifiers, Separation efficiency, continuous injection 
 
1. Introduction 
Non-metallic inclusions (NMIs) i.e. oxides, 
sulphides etc., that are the unwanted components 
present in steel, affects processing of steel as 
well as final properties of steel. As complete 
elimination is not possible, the efforts are 
directed to control these NMIs. The last stage of 
separation or removal of inclusions are done in 
tundish, which was originally introduced in 
continuous casting steelmaking process as an 
intermediate buffer vessel to convert batch 
process to continuous process.  
Characterization of the flow field in actual 
tundish operation is impossible through direct 
flow visualization techniques. So, to understand 
the flow characteristics, researchers developed 
suitable physical model to study the flow field 
within the tundish[1-4]. Initial studies were 
focused on the suitable design of tundish based 
on the effect of operating parameters on flow 
behavior and for that purpose, different volume 
such as dead volume, plug volume and mixed 
volume and residence time were calculated[1,3]. 
Further the flow profile was modified by 
incorporating certain flow control devices such 
as weir, dam[2]. Few researchers carried out 
inclusion separation study by injecting particles 
which were used to represent inclusions into 
tundish and monitoring theses particles’ exit 
from tundish[4-6]. An improved separation 
efficiency for pulse injected Linear Low-Density 
Poly-Ethylene (LLDPE) particle (53-75 & 75-
106 µm) with usage of impact pad and gas 
bubbling was reported by Rogler et al[4].  
Apart from physical modeling, mathematical 
modelling techniques are also used to get the 
flow profile in continuous casting tundish. A 
good review of the mathematical and physical 
models can be found in reference[7]. In this 
approach, the flowing fluid was treated as 
continuum phase, particles as a disperse phase 
and stokes equation was used to describe the 
movement of the particles[8-9], whereas collision 
of inclusions (Brownian, turbulent and Stokes 
collision) and flotation were considered to 
describe the motion by Zhang et al[10]. Industrial 
experimental data were used to validate the 
inclusion removal rate. Discrete particle model 
was also used to describe the movement of the 
particle[11-13]. Inclusion removal rate was 
predicted by tracking the particle.  
Inclusions separation in single strand tundish 
was predicted using physical as well as 
mathematical models, with or without different 
flow control devices (FCD), with or without gas 
injection. However, these studies include similar 
type of tundish. Here a new tundish design has 
been studied. A combined CFD-DPM approach 
is adopted for this purpose. Single size as well as 
mixed size inclusion in the size range of 20 to 
130 µm were fed continuously into the tundish. 
All inclusions were tracked during the 
simulation. The modified slab caster shows 
improved separation efficiency over existing 
tundish design. 
2. Tundish configuration in the present 
work 
Fig. 1 provides a schematic of the new design of 
a tundish with different flow zones marked. The 
fluid enters from the inlet pipe into the 
recirculating region, where the fluid recirculates 
and decelerates. The fluid then enters the neck 
region with low velocity. The neck region is a 
long channel, which allows the inclusions 
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sufficient time to decelerate and rise to the slag 
layer due to buoyancy. The fluid then enters the 
reservoir region, where the head above the outlet 
is maintained the same as that of the existing 
tundish. The neck is designed in such a way that 
it avoids any back flow as well as dead zones. 
 
 
Figure 1 Schematic of modified slab caster tundish 
with flow regions marked[14] 
 
The fluid flow and particle trajectories were 
obtained by formulating a mathematical model 
that governs the flow behavior. 
2.1. Mathematical modelling 
The flow of the fluid is modelled using Eulerian 
approach (continuous), and the inclusion 
particles motion was modelled using Lagrangian 
approach (discrete). The following assumptions 
were made for modelling the flow in the tundish. 
 
 Steady state turbulent flow. 
 Flat free surface of the liquid at the top. 
 No particle adherence to the tundish walls. 
 One-way coupling, i.e. particles do not 
affect the fluid flow. 
 
Governing Equations: 
The steady state continuity equation is given by 
 
 
                       0v                  (1) 
 
The momentum equation is given by  
 
     v v P v g                 (2) 
 
Standard k   model with standard wall 
functions is used for modelling turbulence in the 
flow.   
 
             . . t kkv k G                 (3) 
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A small amount of tracer is introduced into the 
tundish at the inlet, which has the same 
properties as that of the fluid. The tracer mass 
fraction is calculated according to the following 
equation 
 
        t
t
m v m m
t Sc

 
 
   
  
        (5) 
 
The inclusion trajectory can be obtained from the 
following equation 
 
      p p p
r p
v v v
g
t
 
 
   
     
            (6) 
 
The coefficient of restitution of the inclusions is 
considered as 1 on the side walls, and 0 on the 
top surface. The boundary conditions are 
tabulated in Table 1. 
 
Table 1 Boundary conditions 
Inlet velocity inlet 
Outlet pressure outlet 
Walls No slip; u = 0, v = 0, w = 0 
Top surface Free surface, 0, 0, 0
u w
v
z z
 
  
 
   
 
The simulations were performed on a scaled 
down water model, which has Froude number 
similarity with the full scale tundish. The size of 
LLDPE particles considered in the current study, 
and the corresponding size of the actual 
inclusions in full scale tundish is compared in 
Fig. 2. 
 
Figure 2 LLDPE vs actual inclusion size 
Water at 25o C is used and density of LLDPE 
particles was considered as 940 kg/m3. A study 
was performed to ensure the independence of the 
solution on the mesh size and a mesh with 
380172 elements was considered as mesh 
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independent. A residual threshold of 1e-6 was 
considered for the convergence of the solution.  
SIMPLE scheme is used for pressure-velocity 
coupling and first order upwind is considered for 
solving momentum and turbulence equations. 
Commercial software Ansys Fluent® is used to 
obtain the flow field and particle trajectories.  
3. Results and Discussion 
A steady state flow profile is obtained in a bare 
traditionally designed water model tundish. 6 g 
of LLDPE particles of size 64 microns and 90.5 
microns were then injected into the tundish for 3 
seconds separately and their motion tracked with 
time. The separation efficiency values were 
calculated and were compared with the data of 
Rogler et al[4]. Reasonable agreement between 
the two works was established. Thus, the 
mathematical model is sufficient to predict the 
flow field, particle trajectories and separation 
efficiency. Simulations were then performed on 
a tundish with the modified design, which is 
having the same volume as that of Rogler’s 
tundish. The residence time was calculated by 
introducing a tracer of same properties as that of 
water. The concentration of tracer is obtained 
with time and the same is plotted as shown in 
Fig. 3. The residence time is observed as 220 s.  
 
 
Figure 3 Residence time diagram 
The steady state flow profile within the cross-
sectional plane of the tundish is shown in Fig. 4. 
Recirculating flow can be seen in the left end of 
the tundish, which becomes streamlined as it 
enters the neck region. 
 
 
 
Figure 4 Path lines in Steady state flow 
6 g of LLDPE particles were injected into the 
steady state flow and were tracked with time, in 
the same way as earlier. Based on the obtained 
residence time, the particles were tracked for a 
time thrice that of the residence time, to calculate 
the separation efficiency. The obtained 
separation efficiency values were compared with 
experimental findings of Rogler et al, which is 
shown in Fig. 5. The current design is found to 
be 19% more efficient in removing 90.5-micron 
sized particles and is 12% more efficient in 
removing 64-micron LLDPE particles. 
 
Figure 5 Comparison of LLDPE separation efficiency 
in modified design with that in traditional design 
 
LLDPE particles of sizes between 50 microns 
and 275 microns were injected with equal mass 
fraction distribution. Simulations were 
performed for particle injection rate of 2 g per s, 
when particles were injected only for 3 s, as well 
as when particles were injected continuously for 
660 s. The separation efficiency for all the 
particle sizes was calculated for both initial and 
continuous injections and the results are plotted 
in Fig. 6.  
4. Conclusions 
The following conclusions can be made from 
this study: 
 
 The modified design has better inclusion 
separation efficiency in case of smaller 
particle size than a traditional tundish of 
similar volume. 
 The modified design averts the requirement 
of separate flow modifying devices.  
 Since the head above the outlet is same as 
the traditional designs, the modified tundish 
can directly replace the currently existing 
ones in the industries, without further 
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altering any other processes and operating 
conditions. 
 
Figure 6 LLDPE particles separation efficiency 
during continuous injection 
 
The particle separation efficiency of the 
proposed tundish design was found to be more 
than that of a traditional tundish with flow 
modifiers of the same volume. This is because 
the modified design inherently promotes surface 
driven flow. The separation efficiency of the 
modified tundish can be further improved by 
blowing gas bubbles from the bottom of the 
tundish. 
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Abstract: Quality of the forgings depends on minimizing defects in the ingot cast product such as shrinkage and gas 
voids, extent of piping, macro segregation and non-metallic inclusions etc. In the present study, 4 ton ingot of AISI 4140 
steel grade was cast and the various defects has been characterized in as-cast condition. The experimental study was also 
validated by simulation of the ingot casting process using commercial FEM software THERCAST. This modelling study 
has enabled to visualize the fluid flow phenomenon during solidification, the solidification front movement, temperature 
distribution signifying the effectiveness of heat transfer, porosity and piping tendency based on Niyama criteria. The 
model further predicts the local solidification time, thermal gradient [G] ahead of solidification front, and the rate of 
solidification front movement [R]. The parameters G and R enabled an assessment of solidification microstructure such 
as the columnar zone and the equiaxed zone. The extent of micro segregation could be assessed form the local 
solidification time. Values of G, R and LST validated the various microstructures in the experimental ingot. 
 
Keywords: Ingot casting, FEM simulation, solidification, porosity 
 
1. Introduction 
Ingot steel made by conventional casting is one of the 
major input products for forging operation. Good 
forged product can be assured through good cast 
product. However, ingot steel is not a homogenous 
product. It has various defects associated with it. These 
include columnar and equiaxed zones, segregations (A 
type, V type, negative cone type etc.), central looseness, 
shrinkage, inclusions etc. Despite this heterogeneity, 
ingot casting of steel is the preferred process route of 
some customers as it gives larger reduction ratio and 
larger fraction of central equiaxed grains, which assures 
the final mechanical properties. The ultimate quality of 
a steel ingot can be related to the fundamental 
solidification behavior of the cast ingot. Earlier 
research [1-5] in ingot casting was based on rigorous cut 
up evaluation of cast ingot at various stages of 
solidification of cast ingot, Based on this, analytical 
rules were evolved. With the advent of computation 
modeling various aspects of solidification could be 
analysed and the process parameters could be related to 
ingot quality.  
In the present study a typical bottom poured 4T ingot 
casting of AISI 4140 steel has been analysed using 
commercial FEM based software THERCAST. Results 
of solidification model were validated by carrying out 
actual experiment followed by cut up evaluation.  
2. Model 
Solidification in THERCAST is based on 
decomposition of casting system in to an independent 
finite element mesh [6]. Coupled thermal and 
mechanical analysis can be carried out. Thermal model 
is based on equations such as continuity equation, 
Navier-Stokes equation, energy conservation equations 
etc. which are solved at each step by applying 
appropriate boundary conditions.  
2.1 Input and Boundary Conditions 
As an input for the FEM simulation, 3D CAD models 
of each part of the casting system were prepared. 
Correct mating of the parts was done in THERCAST 
for accurate prediction. FEM mesh of tetrahedral type 
was generated for the model as shown in Fig.1. The 
ingot bottom region has finer mesh compared to other 
regions for capturing initial molten steel filling. Due to 
the symmetry, only quarter of the model was simulated 
and results were obtained for entire geometry.  
 
Figure 1 FEM mesh and Boundary conditions 
The boundary conditions shown in Fig.1 are- Boundary 
A & B:  Insulation, Boundary C: Convection + 
Radiation, Boundary D: Convection initially, radiation 
after air gap formation and contact resistance between 
solid metal and mold, Boundary E: Contact resistance, 
Boundary F: Conduction. The temperature dependent 
thermo-physical properties of low alloy steel 4140 
(0.4%C, 1.5%Mn, 1.9%Cr, 0.3%Si, 0.184%Mo) was 
available in the software database. Typical properties 
used in the model are shown in Table 1. 
 
264 
 
Table 1 Thermo physical properties used in the simulation 
Property 4140 steel at TL  Cast Iron (Mould) 
Density (kg/m3) 7064 7800 
Sp. Heat (J/kg-K) 810 513 (at 60°C) 
Therm. Cond. (W/m-K) 31 29 (at 60°C) 
Latent Heat (J/kg) 245000 - 
Solidus Temp. 1410°C - 
Liquidus Temp. 1490°C - 
 
3. Results and Discussion 
The mathematical model could predict the various 
solidification parameters that include fluid flow profile, 
solidification profile, temperature variation, porosity 
and piping, local solidification time, cooling rate etc., 
as a function of time. 
3.1 Flow and Velocity Behavior 
Flow of solidifying metal is an important aspect in 
ingot solidification. Metal flow decides solute 
homogeneity and inclusion distribution. Simulation 
results show that the initial liquid metal entering the 
mould cavity showed a jet effect of about 350mm 
which enabled to optimize mold powder bag hanging 
height. The fluid flow patterns at various instances of 
solidification were obtained from simulation results as 
shown in Fig.2. The flow pattern just after pouring at 
756 s, 5056s (25% solid), 7456s (50% solid) and 
12556s (90% solid) are shown. It is seen that at the end 
of pouring (756s), molten steel has convective flow 
downwards along the ingot surface and it rises along 
the ingot core due to temperature differences. This sets 
in the convective loop. The velocity vector is seen 
increasing towards interior of the ingot because the 
bulk liquid is at higher temperature resulting in higher 
fluidity. Gu et al. [7] studied solidifying metal flow in a 
46 ton ingot of AISI 4142 grade. They obtained steady 
flow patterns with high initial velocity, which decreases 
considerably in the final stages of solidification similar 
to that obtained in the present study. 
 
 
Figure 2 Changes in velocity profile of liquid metal during 
the solidification at (a) 756 s (b) 5056s (c) 7456s (d) 12556s 
 
 
3.2 Temperature Profiles 
Heat transfer during the solidification can be assessed 
by studying the temperature profiles at various 
instances. The temperature distribution at various 
stages of solidification is shown in Fig.3 (a)-(d). It is 
seen that at 1956 s (5% solid) (Fig.3 (a)), the 
temperature near the mold wall and bottom drops down 
below solidus temperature. This is due to higher heat 
transfer that takes place, when molten steel contacts the 
colder mold wall. Further temperature drop at 5056 s 
(25% solid) (Fig.3 (b)), indicates that solidification has 
progressed from the mold wall and ingot bottom region. 
The bulk heat transfer at 25% solid fraction is reflected 
with the formation of shrinkage in the hot top. At 7456 
s (50% solid) (Fig.3 (c)), the temperature in the hot top 
lowers and further shrinkage of metal takes place in the 
hot top. As the ingot has a narrow bottom thickness, 
heat transfer is faster in the bottom than the bulky side 
walls towards ingot top zones. This leads to a 
directional heat transfer and solidification, which 
improves the bulk ingot soundness in the body. When 
the solidification is completed at 14848 s (100% solid) 
(Fig.3 (d)), the temperature contours of fully solidified 
ingot shows uniform heat transfer taking place during 
cooling with higher temperature at top zones. The final 
hot spot is located well within the hot top (Fig.3 (d)).  
 
 
Figure 3 Change in temperature of steel with progress in 
solidification at (a) 1956 s (b) 5056 s (c) 7456 s (d) 14848s 
3.3 Solidification Profiles 
The amount of metal solidified at any instant of time 
can be assessed from solidification profile. The 
solidification pattern in the ingot at various instances of 
time is shown in Fig.4 (a)-(d). It is seen that at 1956 s, 
the metal has solidified along the mold wall and the 
ingot bottom region due to high heat transfer rate. As a 
result of this, chill zone of equiaxed grains is formed in 
this region. As solidification progresses, heat transfer 
takes place at a slower rate in the top portion of the 
ingot and at higher rate in the bottom portion. This is 
because hot reservoir of liquid metal exists in larger 
volume in the ingot top compared to narrower bottom. 
It is further seen that (Fig.4 (b) and 4 (c)); solidification 
front advancement is more of U shaped and with 
thinner mushy zone. The U shape reduces chances of 
bridging of mushy zone from opposite edges which has 
potential to form porosities.  
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Figure 4 Solidification profiles in the ingot at (a) 1956 s (b) 
5056 s (c) 7456 s (d) 14840 s 
3.4 Analysis of Thermal gradient, Cooling rate 
and Local solidification time 
In any solidification process, the thermal gradient (G) 
ahead of solidification front and the rate of movement 
of solidification front (R) which is a function of cooling 
rate (Ṫ) decides the microstructure [8]. Columnar to 
equiaxed transition (CET) in the ingot can be assessed 
from these parameters. The parameters G and R may 
further be related the local solidification time (LST) 
which can be related to the extent of micro-segregation. 
The model predicted G, Ṫ and LST at various instances 
of solidification which were measured from the 
simulation result as a function of solid fraction across 
the ingot at three locations, along the ingot height: 
40mm below hot top junction, at mid height and at 
bottom region (175mm high from mold bottom 
opening). The variation of G, Ṫ & R with solid fraction 
in these zones of the ingot is shown in Fig.5 (a)-(c). 
The inter-dependency of G and R is also plotted for 
correlating it with CET as in Fig.5 (d). It is seen that 
the G values steadily decreases with progress of 
solidification (Fig.5 (a)). The G values at the bottom 
region shows lowest values, beyond 30% overall solid 
fraction (Fig.5 (a)) due to the narrow cross-section and 
greater heat dissipation. The G values at the mid ingot 
height has the highest value beyond 20% solid may be 
due to the hot reservoir of liquid metal ahead at the top 
portion ahead of it. At region just below hot top, the 
bulk liquid metal is at thickest ingot section with higher 
temperature leading to lower G. The rate of 
solidification (R) (Fig.5 (b)) in general shows a 
decrease followed by a minima and a rising value. 
After 25% solid fraction R value drastically increases 
in bottom region, compared to the top and mid regions. 
The sudden inversion of the R value in Fig.5 (b) may 
be indicative of changes associated with columnar to 
equiaxed transition. Straffelini et al. [9] has reported 
such columnar to equiaxed transition trend in their 
study on continuous casting of low carbon steel. Hence, 
in this ingot, the columnar to equiaxed transition at the 
three heights are at about 25%, 30% and 35% as 
marked in the Fig.5 (b). The cooling rate, which is a 
product of G and R continuously falls with progress of 
solidification (Fig.5 (c)). The interdependency of G 
with R is plotted in Fig.5 (d). It is seen that when 
solidification starts, the R value decreases along with 
lowering of G value which is in accordance with that 
reported by Kurz and Fisher [8]. At about a thermal 
gradient value of 10 to 14°C/mm, the R value rises 
drastically with further fall in G values. Somewhere 
after this inflexion the columnar to equiaxed transition 
occurs. The study shows the approximate region where 
CET could take place. The experimental data is not 
available in literature for validation.  
 
 
Figure 5 Thermal gradient G (a), rate of solidification front 
movement R (b) and cooling rate Ṫ(c) as a function of solid 
fraction along with the inter dependence of G and R (d) 
3.5 Porosity and Piping in the Ingot 
The simulation predicted the piping associated with 
shrinkage and porosity. NIYAMA criterion [10] which is 
based on thermal gradient and rate of solidification is 
used for prediction of porosity in this model. When 
NIYAMA value [=√Ṫ/ ΔT] is 1 and above then there is 
higher risk of porosity [11]. Porosity and piping 
predicted by the model at the end of solidification is 
shown in Fig.6. The pipe is shallow (~105 mm) and it 
is well within the hot top region. Small zone of porosity 
is seen at the centerline extending to 70% of the ingot 
height. The predicted Niyama profile shows the 
probable regions of porosity and does not indicate the 
dimension of the porosity. Maximum NIYMA value 
obtained in the central zone is about 0.36. Therefore, 
this ingot may not have micro porosities.  
 
 
Figure 6 Porosity after the solidification 
 
4. Experimental validation 
The simulation results were validated by conducting an 
experiment as per simulation input. The steel was made 
through arc furnace and ladle furnace. The ingot was 
stripped after 5 hours of casting. The experimental 
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ingot was vertically cut into two halves and machine 
finished. The finished surface was etched using 35% 
hydro chloric acid. The macrostructure of the ingot 
observed is shown in Fig.7-8. The other half of the 
ingot was further cut and used for microstructure study. 
Simulation results and the actual ingot macrostructure 
are shown in Fig.7. Pipe depth in the actual ingot is 
about 111 mm is close to simulation that showed 105 
mm. A small central porosity zone with NIYAMA 
value of 0.36 was predicted by the model at ingot mid 
location. The actual ingot had no visible porosity. 
Simulation predicted CET at about 25 to 35% solid 
fraction as shown in Fig.5 (d). The CET zone observed 
on actual ingot is marked as in Fig.7. CET prediction is 
nearly matching in simulation and actual ingot. 
  
 
Figure 7 Simulation result compared with actual ingot 
The enlarged view of the actual ingot is shown in Fig.8. 
It shows the macrostructure of the solidified ingot. A 
very thin chill zone is present at the side walls of the 
ingot. It is followed by columnar towards inner region 
and at the center there is equiaxed zone. There is a thin 
A-segregation zone marked in Fig.8. Very small “V” 
segregation is seen just below the shrinkage. The 
microstructure of the samples were examined at four 
locations marked (a)-(d) in the ingot as shown in Fig.8. 
  
 
Figure 8 Positions of Sample and observed microstructure 
It is seen that the microstructure at the central equiaxed 
zones show randomly oriented dendritic grains as in 
Fig.8 (a). At the mid height close to mold wall (Fig.8 
(b)) fine dendrites with just primary arms are seen due 
to high thermal gradient near the mold wall. The 
microstructure at the ingot mid portion shows coarser 
dendrites with secondary arms (Fig.8 (c)). The 
microstructure towards the center region shows much 
coarser dendrite with secondary arms (Fig.8 (d)). 
Values of G, R and LST were obtained at the sample 
locations are shown in Table 2. It is seen that these 
values confirm the microstructure prediction of the 
model as per plots in Fig.5. 
Table 2 Values of G, R and LST obtained from simulation 
Sample 
location  
G 
(°C/mm) 
R 
(mm/s) 
LST 
(S) 
Microstructure formed 
in actual ingot 
a 2.967 0.00212 4573 Equiaxed 
b 14.087 0.00174 564 Fine Dendritic 
c 6.39 0.00259 1600 Coarse Dendritic 
d 12.31 0.00161 2983 Very coarse Dendritic 
5. Conclusions 
The phenomenon that takes place during solidification 
in a 4 ton ingot casting of 4140 steel was examined at 
various instances of solidification. The study showed 
fluid flow velocity stabilizes at about 30% solid. Hot 
spot is well within hot top zone and solidification front 
was “U” shaped beneficial for avoiding dendrite 
bridges. The approximate columnar to equiaxed 
transition region could be determined from the model 
which showed good match with actual ingot. The 
microstructural features such as A & V-segregation and 
microstructure was characterized. The study could 
throw light on the columnar to equiaxed transition zone 
in conventional ingot casting.  
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Abstract: Three dimensional (3D) heat transfer analysis carried out to predict the variation of mould hot face 
temperature due to presence of plate tightening bolts holes on the back face of mould plate. The effect of copper 
plate thickness on mould hot face temperature and fluctuation in hot face temperature at bolt hole locations are also 
analyzed in detail. The results show that the regions on hot face corresponding to bolt holes on back face are regions 
of local maxima in terms of temperature values exposing itself to maximum threat of damage on mould plate. 
Analysis of hot face temperature with respect to thickness reveals that fluctuation at bolt hole locations decreases but 
peak hot face temperature increase with increasing plate thickness. 
 
Keywords: Continuous casting slab mould, mould hot face temperature, Bolt holes, Mould plate thickness 
 
1. Introduction 
During the process of continuous casting, wide 
temperature gradients develop across the mould 
plates. These lead to physical distortions and 
generation of thermal stresses. Despite the amount of 
distortion being small, it will affect the heat transfer 
between the mold and the solidifying shell since the 
gap size between them will change. Another major 
consideration is that the mold plates must withstand 
this stress reliably without developing any cracks, 
otherwise it will lead to water leakages through the 
mold that would result into a catastrophe. It 
necessitates the requirement of thorough 
understanding of the thermal and mechanical 
behaviour of the mold plates. 
In recent past, various researches were being carried 
out  to understand the thermal and mechanical 
behaviour of mould plate of slab casters[1–4] Thomas 
et al.[4–6] applied a three-dimensional elastic-plastic-
creep finite-element model for prediction of 
temperature, distortion and residual stress in a slab 
caster mould plate. Samarasekera et al.[7–10] applied 
mathematical models along with in-plant 
measurements, to determine the temperature field 
and mould plate shape as a function of operating 
design variables. O’Conner and Dantzig [11] also 
applied elastic-plastic- creep finite element model for 
predicting temperature, thermal distortion, thermo 
mechanical stress and hot face cracks in funnel 
shaped mold of a thin slab caster mould. Past 
researches have clearly established the fact how 
temperature and distortion of the mold are important 
to mould life and quality of steel. 
In practical condition, the mould plates are tightened 
to its back-up plates with the help of tightening bolts. 
For accommodating these bolts, the uniformity of 
mould plates have to be compromised and some bolt 
holes have to be drilled at certain specified locations 
on back of mould plate. This leads to reduction of 
effective thickness of mould plate at locations of bolt 
holes. The present work deals with analyzing the 
effects of these bolt holes on overall heat transfer 
characteristics of mould plate. It has also been 
attempted to capture effects of bolt holes on hot face 
temperature characteristics with variation in mould 
plate thickness.   
 
 
 
Figure 1 Front and side view of modeled geometry 
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2. Mathematical Modeling 
In order to simulate the thermal behavior of slab 
caster mould plate along with bolt holes, geometric 
model of an mould plate has been created. Utilizing 
the advantage of symmetry, only half the plate is 
modeled along with cooling water channels and 
clamping bolt holes. Fig. 1 represents the modeled 
half plate used in present work. 
As the slab caster mould whose mould plate has been 
used for modeling purpose is instrumented, so in 
order to hold the thermocouples, extra depth is 
provided to certain specific bolts. Fig. 2 shows a 
closer view of a typical cut section of mould plate. 
 
 
Figure 2 Cut section of mould plate 
Heat flow model  
Replicating the practical scenario, the mould plate 
extract heat from adjacent solidifying steel, this heat 
in turn is removed from plate by the cooling water 
flowing in water channels. As the desired objective 
of the present work is to obtain thermal profile of the 
mould plate a 3D steady state heat conduction 
equation (eq.1.) has been solved. 
 
𝑑2𝑇
𝑑𝑥2
+
𝑑2𝑇
𝑑𝑦2
+ 
𝑑2𝑇
𝑑𝑧2
= 0      (1) 
  
Based on collected plant data and heat load 
calculations, heat flux profile is applied on hot face 
of mould plate. As profile calculation is based on 
plant data, so it is inclusive of effects of air gap, 
liquid slag and mould powder. The heat load 
calculated from mould water flow rate and rise in 
temperature of mould water. Applied heat flux 
profile is a combination of linear and power law 
profile [12]. Linear from mould top to peak heat flux 
zone and thereafter based on power law equation (eq. 
2.) till mould bottom. Fig. 2 represents the shape of 
applied heat flux profile. 
 
𝑞 = 𝑎𝑡−𝑏    (2) 
 
where,  q = mould heat flux ,w/m2 
t = residence time inside mould, sec. 
‘a’  and ‘b’ are empirical constants 
 
 
 
Figure 2 Representative heat flux profile 
2.1. Assumptions 
In present study, following are the underlying 
assumptions while carrying out the numerical 
analysis: 
 Casting speed is assumed to be constant 
throughout the analysis period 
 Mould water flow rate and rise in mould 
water temperature are constant to its average 
value throughout the analysis period.  
2.2. Boundary conditions 
Following are the various conditions applied to 
different boundaries of geometric model while 
carrying out numerical analysis: 
(i) Specified het flux profile on hot face as discussed. 
(ii) Adiabatic wall condition is applied at bolt heads t 
mould plate back, top and bottom faces. 
(iii)Water channel walls are taken as convective heat 
transfer boundary; heat coming out (qout) based on 
cooling water temperature and flow rate is given as: 
 
𝑞𝑜𝑢𝑡 =  ℎ𝑤(𝑇 − 𝑇𝑤)             (3) 
 
where, Tw is cooling water temperature for which a 
linear incremental profile is assumed between inlet to 
outlet. hw is water channel heat transfer coefficient 
calculated using Sleicher Rouse equation [13,14], given 
as Eq. (4). 
 
ℎ𝑤 = (5 + 0.15 ∗ 𝑅𝑒
𝐶1 ∗ 𝑃𝑟𝐶2) ∗
𝐾
𝐷
             (4) 
 
where, 𝐶1 = 0.88 − 
0.24
4+𝑃𝑟
 , 
 𝐶2 = 0.333 + 0.5 ∗  𝑒−0.6∗𝑃𝑟 
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 Reynold′s Number, Re =
ρ∗V∗D
µ
 
 Prandtl′s Number, Pr = 
µ∗𝐶𝑝
𝐾
 
 𝐾 = 0.59 + 0.001 ∗ (𝑇𝑤 − 273), 
 𝐷 =  
4∗𝐴𝑟𝑒𝑎
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
 
3. Results and Discussions  
The typical temperature profile across the mould 
plate during operation under the considered plant 
conditions are shown in fig. 4 (Temperature scale in 
°C). 
Figure 3 Temperature profile across mould plate 
Figure 5 represents the temperature variation profile 
along the depth of mould plate considering the effect 
of bolt holes on heat transfer characteristics of mould 
plate. 
It is evident from Fig.5 that temperature on hot face 
at the locations corresponding to bolt holes on the 
back face experiences a higher temperature as it 
would have been if there is not bolt hole. Another 
intimidating fact is the sudden rise and fall at the 
temperature of those locations i.e. higher temperature 
in these regions compared to hot face regions above 
and below this location. 
Figure 6 represents the temperature variation profile 
across the width of mould plate considering the 
effect of bolt holes on heat transfer characteristics of 
mould plate. The figure also  highlights the fact that 
the hot face regions corresponding to bolt hole on 
back face also experiences higher temperature 
compared to hot face regions on either side of this 
location horizontally. 
Thus from both Fig. 5 and Fig. 6 it is clearly 
established that the hot face regions corresponding to 
bolt holes creates zones of local maxima in view of 
temperature values hence spots for accumulation of 
thermal stress (say hot spots). Moreover, along with 
this analysis if we consider mould oscillation then 
these hot spots is also bound to oscillate which even 
worsen the situation creating repetitive thermal stress 
at hot spots. Thus these hot spots are prone to 
damage and likely spots of plate failures. More the 
local maximum temperature more will be the 
deteriorating effect of thermal stress. As because of 
physical limitations these bolts cannot be avoided, 
hence efforts need to be taken in direction to 
minimize the temperature fluctuation at these hot 
spots.     
 
 
Figure 5 Hot face temperature variation along depth of 
mould plate 
 
 
Figure 4 Hot face temperature variation across 
width of mould plate 
 
Thickness of mould plate can be considered as a key 
factor in limiting the temperature values at these hot 
spots. Fig. 7 represents the relative temperature 
fluctuation on hot face due to bolt holes for different 
plate thickness. It can be inferred from fig.7 and 
Table 1, that as we keep on increasing the plate 
thickness the magnitude of variation in temperature 
values at bolt locations decreases.  
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Table 1 Temperature values for different plate 
thickness 
Plate 
Thickness 
(mm) 
Temp. 
above water 
channels 
(K) 
Temp. 
above bolt 
holes 
(K) 
Temp. 
Fluctuati
on 
35 432.6 446.7 14.9 
37.5 443.2 454.9 14.6 
40 453.7 464.5 14.1 
42.5 464.3 482.9 13.6 
45 474.9 487.6 12.7 
 
This establishes an inverse relation between 
temperature fluctuation and plate thickness. A 
noticeable pattern in the present analysis is rise in 
peak temperatures with increasing plate thickness 
which can be attributed to varying heat transfer 
characteristics because of higher volume of plate 
material. Thus peak hot face temperatures push for 
the use of higher thickness of mould plates. Also 
increase in plate thickness is limited because of rise 
of peak hot face temperature and cost factor. Thus it 
is essential to optimize between these factors and 
suitably select the mould plate based on machine 
requirements.  
4. Conclusion 
(1) Local fluctuation of hot face temperature at 
regions corresponding to bolt holes on the back face 
is observed. Bolt hole regions results into local 
maxima points of temperature resulting in giving rise 
to thermal stresses. 
(2) Fluctuations in hot face temperature decreases 
with increasing thickness of mould plate. 
(3) Peak hot face temperature rises with increasing 
thickness of mould plate. 
(4) Machine specific optimum plate thickness should 
be selected during design for ensuring minimal 
chances of mould plate failures during operation.   
 
 
Figure 5 Temperature profile along depth of mould 
for different plate thickness 
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VOLUME AND SHAPE OF STATIC LIQUID HOLD-UP IN BLAST 
FURNACE DRIPPING ZONE 
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Abstract: Behavior of liquid slag and metal in the dripping zone of blast furnace is important for productivity and 
reactions of these liquids with solid and gas. During dripping through the coke bed, major portions of the liquids, 
known as ‘static hold-ups,’ move with the coke bed. The volume and shape of these liquid films in the coke bed are 
important as they play a major role in reaction kinetics. Any liquid-vapor interface shape is governed by Young-
Laplace equation. Among infinite number of liquid films of a given volume held between two spheres, one or more 
films have the minimum total energies among them and will be stable. In this work, a numerical scheme for solving 
Young-Laplace equation for an axisymmetric film and finding the minimum energy configuration for a given 
volume of liquid film is discussed. 
 
Keywords: Young-Laplace equation; axisymmetric film shape; energy minimization 
 
1. Introduction 
When a liquid (i.e. slag or hot metal) falls through 
the granular (coke) packed bed, some portion of 
the liquid flows down, and some portion stays in 
the bed held by surface forces. These volumes are 
known as dynamic and static hold-up, respectively. 
In the case of slag and hot metal in the blast 
furnace, static hold-up is often more than the 
dynamic hold-up[1]. Static portion of the liquid 
moves with the coke bed, and gets more time for 
reactions. The surface area of the film therefore 
becomes important for these heterogeneous 
reactions. Volume of the static liquid also affects 
the permeability of the bed.  Hence, it is important 
to know the volume and shape of the liquid films.   
Static hold-up is the interplay between interfacial 
tension and density of the liquid. Often researchers 
have reported that static hold-up may depend on 
the equilibrium contact angle between solid and 
liquid[2]. But recent research on contact angle 
hysteresis reports that in real cases the equilibrium 
contact angle may not be achieved; instead of that, 
a range of contact angles are possible between 
solid and liquid[3]. Though many researchers have 
represented the static hold-up in granular packed 
bed by empirical correlations[4,5], significant 
fundamental research on the cause of static hold-
up is needed.  
Static hold-up of liquid consists of stable liquid 
films at the contact points of particles in the 
granular packed bed. Though the bed consists of 
particles in various orientations, the simplest 
configuration is two vertical spheres touching each 
other. This is explored in this paper. The liquid-
vapor interface of any static liquid is governed by 
Young-Laplace equation.  
To construct a liquid film, one needs a certain 
number of input variables as a function of solid-
liquid property (contact angles, interfacial energy) 
or the geometry of the system (in-plane radius, 
contact angles, etc.). These later variables are 
mostly unknown a priori. Arbitrarily chosen input 
variables, on the other hand, result in infinite 
number of solutions for a constant volume of 
liquid. Among them, the film(s) which has (have) 
the lowest total energy(s), is considered as the 
most stable configuration for a given volume of the 
liquid. Moreover, energy minimization gives the 
stable advancing and receding contact angles.   
A novel numerical method for solving the Young-
Laplace equation for an axisymmetric film of 
given volume held between two spheres is 
described in this work.  
2. Model formulation 
The following assumptions have been invoked: 
1)The static film is between two spheres one above 
the other. The spheres may or may not be 
touching, as seen in a packed bed. Results 
presented are for spheres touching each other as 
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shown in Fig.1.The spheres are smooth and have 
homogeneous surface properties.  
2)The films are axisymmetric. 
3)The equilibrium contact angle is known. 
The angle that the three phase contact line (TPCL) 
makes on the top sphere is the receding angle (𝜃𝑟) 
and the angle that it makes on the bottom sphere is 
the advancing contact angle(𝜃𝑎).  We define, a 
wetting angle(𝜃𝑤) as the half angle of the cone 
made a by the top TPCL (see Fig. 1). 
2.1. Mathematical model 
A static liquid-vapor surface is governed by the 
Young-Laplace equation, Eq.1[6], and Pascal’s law, 
Eq.2.  
𝜎 (
1
𝑅1
+
1
𝑅2
) = ∆𝑃 =  𝑃𝑙,𝑦 − 𝑃𝑔,𝑦                        (1) 
𝑑𝑃𝑙,𝑦
𝑑𝑦
= − 𝜌𝑙 . 𝑔           (2) 
Where, 𝑅1 =
((1+(
𝑑𝑦
𝑑𝑥
)
2
)
3
2
𝑑2𝑦
𝑑𝑥2
= −
((1+(
𝑑𝑥
𝑑𝑦
)
2
)
3
2
𝑑2𝑥
𝑑𝑦2
           (3)          
𝑅2 =
((1+(
𝑑𝑦
𝑑𝑥
)
2
)
1
2
𝑑𝑦
𝑑𝑥
= 𝑥((1 + (
𝑑𝑥
𝑑𝑦
)
2
)
1
2                   (4) 
x and y are the  coordinates axes. 
 
2.2. Boundary conditions 
The  ODE requires two conditions, provided as 
initial conditions by defining 𝜃𝑟 and 𝜃𝑤, which fix 
the starting point (𝑦0, 𝑥0) and the slope at the 
initial point (
𝑑𝑦
𝑑𝑥
|(𝑦0,𝑥0)) of the liquid film. Since 
the pressure inside is undefined, one starts with a 
value of  
𝑑2𝑦
𝑑𝑥2
|(𝑦0,𝑥0) by defining 𝑅1|(𝑦0,𝑥0) (Eq.3). 
This is an initial value problem and one can find a 
marching solution.   
3. Numerical procedure 
Select a starting point on the surface of the top 
sphere (𝑦0, 𝑥0).Selection of 𝜃𝑟 at this point, gives   
𝑑𝑦
𝑑𝑥
. Selection of x0 and 
𝑑𝑦
𝑑𝑥
 permits calculation of 
the out of plane curvature R2 (circle 
approximation, Eq.4). Select an R1 and calculate 
𝑑2𝑦
𝑑𝑥2
. R1 and R2 determine the pressure 𝑃|(𝑙,𝑦0,) in 
the liquid (Eq.1). Knowing x0, y0, 
𝑑𝑦
𝑑𝑥
 and 
𝑑2𝑦
𝑑𝑥2
 , fit a 
quadratic equation at the point to y as f(x) (or, x as 
f(y)). One can then progress the surface by one 
step Δx, (or Δy), and predict x1, y1, and  
𝑑𝑦
𝑑𝑥
 |(𝑥1,𝑦1). 
Calculate R2, 𝑃|(𝑙,𝑦1,) and R1 at (x1, y1) as earlier. 
Now, one knows 
𝑑3𝑦
𝑑𝑥3
|(𝑦1,𝑥1) too since the second 
derivative at the two points are known. One can 
therefore use a cubic equation for building the 
surface from this point onwards for faster 
convergence.  
As the interface slope approaches 900, 
𝑑𝑦
𝑑𝑥
 
approaches ∞. One can then use x as a function of 
y, instead of y as a function of x, in these regions.  
All the codes are developed in Matlab R2012b. 
4. Total energy calculation 
Total energy 𝑈 ′ of the liquid film consists of 
potential energy and surface energies as follows   
𝑈′ = ∭ (𝜌 − 𝜌𝑔Ωl
)𝑔𝑦𝑑Ωl + ∬ σΓlg
𝑑Γlg +
∬ (σ𝑙𝑠−σ𝑠𝑔)Γls
𝑑Γls                                               (5) 
 
The formulation has been adopted from Iliev[7]. 
The first term on the right gives the potential 
energy, and the other two terms are surface 
energies.  Since the equilibrium contact angle 𝜃𝑒𝑞𝑚 
(a material property), relates the three surface 
energies by Young’s equation, cos 𝜃𝑒𝑞𝑚 =
σ𝑠𝑔−σ𝑙𝑠
σ
 , 
the energy equation simplifies to: 
 
𝑈 = ∭ 𝑏𝑦𝑑ΩlΩl
+ ∬ 𝑑ΓlgΓlg
− ∬ cos 𝜃𝑒𝑞𝑚𝑑Γls Γls
(6) 
 
  
 
 
Figure 1 A schematic of liquid film between two spheres 
 
The stable film is that for which the energy is 
minimum. A film that satisfies the Young-Laplace 
equation can be constructed using Eq.1-4 with 
three independent variables, say, 𝑅1, 𝜃𝑤, and 𝜃𝑟. 
Other variables like the point of contact on the 
bottom sphere, the advancing contact angle 𝜃𝑎 and 
the volume of the film Ωl are obtained as solutions 
𝛉𝐰  
𝛉𝐫 
 
 
 
 
 
𝛉𝐚 
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to the problem. Fixing Ωl fixes one variable, say 
R1. Then,  
 
𝑈 = 𝑓(𝜃𝑟 , 𝜃𝑤)                                           (7) 
 
The minimum on this energy surface, if it exists, 
gives the stable film for the volume. If minimum 
does not exist, it may be surmised that the selected 
volume of fluid cannot be held statically between 
the two spheres. 
5. Results and Discussion 
The simulation results are presented for hot metal- 
coke system. The values of input parameters are 
given in Table 1.  Fig. 2 shows typical film shapes 
for a 1mL film positioned at 𝜃𝑤 = 23.5
0 and  𝜃𝑟 
varying between 5° to 175° .  Note that the center 
of gravity of the film goes up as 𝜃𝑟 increases, 
increasing 𝑈𝑃. Simultaneously, Γls and Γlg too 
change. The total energy then changes, showing a 
minimum as shown in Fig. 3.  This minimum is at 
𝜃𝑟 = 135
0, for example, when θw = 24.5°.  
 
Table 1 Input parameters 
 
Parameters Value 
𝜃𝑒𝑞𝑚 108
0 
𝜌 7800 Kg/m3 
𝜎 1.12 N/m 
𝜌𝑔 1.22 Kg/m
3 
Sphere dia. 25 mm 
 
 
The minimum energy films for different starting 
points (θw) are shown in Fig. 4. For all these films 
shown in the figure,  𝜃𝑎  is surpisingly constant at 
108o, even as 𝜃𝑟 ranges from 5
0 to 1520.  
Among these films total energies are different. One 
should therefore look for a global minimum, as 
one varies both θw and  θr. Fig. 5 shows the total 
energy surface for a 1ml film for the entire range 
of θw and  θr for which one obtains feasible films. 
The minimum point corresponds to the stable 
position of the film for this volume. 
Figure 5 shows that the global minimum is at 𝜃𝑤 =
24.2° and 𝜃𝑟 = 108°. As mentioned earlier,  𝜃𝑎 
turns out to be 108° for all these films.  
 
 
Figure 2 Different film shape for 1mL liquid between 
two spheres for 𝛉𝐰 = 𝟐𝟒. 𝟓°. 𝜽𝒓  varies from 5
o to 1750 
 
The interesting result of these simulations is that  
𝜃𝑟 and 𝜃𝑎 remain at the equilibrium contact angle 
even in the presence of gravity. This is an 
important observation, since it shows that the 
contact angle hysteresis seen in the experiments  
need some other physics to be introduced, such as   
pinning energy[8] or surface inhomogeneities.  
 
 
Figure 3 Total energy variation with respect to 𝜽𝒓 of the 
films depicted in Figure 2 
 
6. Summary 
Young-Laplace equation has been solved to get the 
vapor-liquid interface shape. Minimum energy 
configuration has been searched for a constant 
volume film. It is found that for minimum energy 
configuration the receding angle and the advancing 
angle always take the equilibrium values if the 
energy is considered to be the sum of potential 
energy and the surface energy. 
Future work needs development of a criterion for 
the maximum static hold-up of the liquid and 
correlating the volume with other geometrical 
parameters.  
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Figure 4 For different 𝜽𝒘 and 𝜽𝒓 1mL film shapes are 
found out. 𝜽𝒘 wise minimum energy are found and 
plotted. 𝜽𝒂 for all the films remain 
 
 
Figure 5 Energy variation of 1mL films between 25 mm 
spheres with respect to 𝜽𝒓 and 𝜽𝒘 
 
 
 
Nomenclature 
 
𝑅1, 𝑅2 In plane and out of plane curvatures of 
the liquid film, m 
Pl, Pg Pressure in the liquid film and gas, Pa 
ρl, ρg Density of the liquid and gas, kg/m3 
σ,σls, σsg Interfacial tension at g/l, l/s and s/g 
surfaces, N/m 
𝜃𝑒𝑞𝑚 , θr, θa Equilibrium, receding and advancing 
contact angles, o 
𝜃w Wetting angle, o 
𝑈′, 𝑈𝑃 , 𝑈𝑆 Total energy, potential energy and 
surface energy of the system 
respectively, J 
𝑈 𝑈′/𝜎, m2  
b (𝜌−𝜌𝑔)𝑔
𝜎
, m-1 
Ω, Ωs, 𝛺𝑙 Total volume, volume of the  solids  
and volume of the liquid of the system, 
respectively, m3 
Γlg, Γls, Γsg Interfacial area between liquid and gas, 
liquid and solid and solid and gas, 
respectively , m2 
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THERMODYNAMIC EVALUATION FOR REDUCTION OF IRON OXIDE 
ORE PARTICLES IN A HIGH TEMPERATURE DROP TUBE FURNACE 
 
 
Zhiyuan Chen, Christiaan Zeilstra1, Jan van der Stel1, Jilt Sietsma, Yongxiang Yang 
Department of Materials Science and Engineering, 
Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands 
(1 Tata Steel, PO Box 10000, 1970 CA IJmuiden, The Netherlands) 
Corresponding author’s e-mail: y.yang@tudelft.nl 
 
Abstract: Melting and reduction of fine iron ore particles in the gas environment of a HIsarna smelting cyclone is 
an important topic, but only limited information of thermodynamic evaluation is currently available except for some 
experimental data from High temperature drop tube furnace (HTDF). This work discusses the equilibrium state of 
reacted iron ore in HTDF ambience by thermodynamic calculations to support the understanding of the HIsarna 
process. The limit of reduction termination of the ore particles was estimated in the calculation for the thermal 
decomposition and topochemical reduction. The theoretical calculation results are comparable with the experimental 
data in the previous studies. Furthermore, variation of slag composition and iron valence states were estimated 
theoretically to understand the effects of PCR (post combustion ratio) value and hydrogen/carbon ratio to the 
equilibrium state of the ore particles in the reducing atmosphere. 
  
Key words: HIsarna process, hematite ore, gas-solid particle reduction, thermodynamics 
1. Introduction 
HIsarna[1] is an emerging alternative ironmaking 
process aiming for up to 90% CO2 reduction by 
2050 in combination with CO2 capture and storage 
(CCS) or usage (CCU). Without CCS/CCU, a CO2 
reduction of up to 50 % is feasible. HIsarna uses a 
smelting cyclone to melt and pre-reduce fine and 
un-agglomerated iron ore particles. Final reduction 
takes place in the smelting reduction vessel (SRV) 
directly beneath the smelting cyclone. Inside the 
smelting cyclone, the fine iron ore experiences 
very high temperatures. The ore particles are pre-
reduced by around 20% through thermal 
decomposition and reduction in flight by the SRV 
off-gas[2]. The reduction kinetics of fine iron ore 
particles has been studied recently in a specially 
designed laboratory furnace, the high temperature 
drop tube furnace (HTDF). Meanwhile, the 
thermodynamics of pure hematite in inert and 
reducing gas was investigated in the research[2-6]. It 
shows that the thermal decomposition of hematite 
is much easier than magnetite because of more 
negative Gibbs energy change in hematite at the 
same temperature. Furthermore, it is suggested that 
the equilibrium state depends on the oxygen partial 
pressure[5]. The equilibrium reduction degree of 
hematite was also predicted by the Fe-O-C 
equilibrium diagram[7]. Here the reduction degree 
is defined as the ratio of lost oxygen of the ore to 
the initial oxygen content in the ore. The diagram 
suggests an increase of the reduction degree with 
the decreasing post combustion ratio (PCR) value 
of reducing gas. Qu et al.[3] also indicated that the 
equilibrium state could only be reached in HTDF 
experiments at high temperature after reaction for 
1 or 2 seconds. 
In literature, however, it is seen that researchers 
rarely consider the effect of slag composition on 
the reduction of ore particles in suspension. 
Hereby, thermodynamic calculations based on the 
composition of the ore particles were employed to 
study the equilibrium states of iron ore at different 
temperatures. The temperature ranges from 1500 K 
to 1900 K, corresponding to the temperature levels 
of the cyclone. At high temperatures, the reaction 
of ore particles consists of the thermal 
decomposition and topochemical reduction by the 
reducing gas. Therefore, the equilibrium state of 
iron ore is predicted under both inert and reducing 
atmospheres.  
2. Thermodynamic calculation 
FactSage™ 7.0 software is employed to estimate 
the equilibrium state of the reaction system, which 
consists of hematite ore and gas. In this study, the 
simulated hematite ore is set with Fe2O3 content of 
96.163 wt% (Table 1) based on the reference [3]. It 
is an acid iron ore due to the higher content of 
silicate gangues comparing to the calcia. To study 
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the melting and reduction behavior of hematite ore, 
the composition of gas was designed according to 
the experimental condition of Qu [3]. The reducing 
gases with six different compositions were 
introduced into current study. As Table 2 shows, 
one can always find two gases with the same PCR 
value while different hydrogen concentrations of 
the pair. In the calculation, we assume that the 
system contains 100 gram of hematite ore and 100 
times by mass of gas as the initial condition. The 
reason of containing such high content of gas is 
that the feeding gas amount in HTDF is several 
liters per minute, meanwhile, the feeding ore 
particles amount in HTDF is of the order of 
mg/min. To simulate the reaction in HTDF, a low 
mass content of hematite ore in the system is 
necessary. Equilibrium temperature of the system 
is from 1500 to 1900 K, and the total gas pressure 
is maintained at 1 atm. 
Table 1 Composition of raw materials 
Hematite ore particles 
Composition Fe2O3 Al2O3 SiO2 MgO MnO CaO 
mass% 96.163 0.845 2.800 0.030 0.147 0.015 
Table 2 Gas composition 
Gas PCR (%) H2 CO CO2 N2 
PCR1 38.9 10 45 35 10 
PCR2 57.8 8 30 52 10 
PCR3 80.4 8 10 74 8 
PCR1’ 38.9 0 61.1 38.9 0 
PCR2’ 57.8 0 42.2 57.8 0 
PCR3’ 80.4 0 29.6 80.4 0 
3. Results and Discussion 
As previously mentioned, the high temperature 
reactions of hematite ore contain thermal 
decomposition and chemical reduction. The former 
reaction can proceed in inert gas, such as argon 
and nitrogen. After thermal decomposition, 
hematite forms sub-oxides and releases oxygen. 
Chemical reduction is the interaction of gas and 
ore, to reduce iron oxides and oxidize hydrogen or 
carbon monoxide in the gas. Usually, thermal 
decomposition is faster than chemical reduction[3-5]. 
 
 
3.1 Thermal decomposition 
The equilibrium state of the hematite ore under 
argon atmosphere is estimated within the 
temperature range of 1500 to 1900 K (Figure 1). 
Here, the ionic state of Fe3+ and Fe2+ are stated as 
Fe2O3 (in slag) and FeO (in slag) for the sake of 
convenience. The result shows that, in an inert 
atmosphere, solid hematite is no longer a stable 
phase between 1500 to 1900 K. Moreover, the 
stable phase, magnetite, starts to transfer to molten 
slag above 1630 K. The slag mainly contains Fe2+ 
and Fe3+. A fully molten particle forms above 1833 
K. When the equilibrium state of ore transforms to 
fully molten slag, the ratio of Fe3+ to Fe2+ in the 
slag decreases with the increasing temperature.  
 
Figure 1 Principal components of the hematite ore in 
equilibrium state at different temperatures in argon-
involved system 
The difference between the weight of reduced ore 
and raw material (100g) is the amount of released 
gas. The amount of released oxygen and its partial 
pressure in the argon-involved system are plotted 
in Figure 2. The partial pressure of oxygen 
increases with the increasing temperature. There 
are two turning points of the partial pressure curve 
of oxygen, which correspond to the start melting of 
ore to forming slag and complete melting of the 
ore, respectively.  
The amount of released oxygen has a linear 
relationship with the reduction degree of the 
hematite ore during thermal decomposition. Here, 
the reduction degree is defined as: 
 
2 3
0
Fe O/ (0.3 )R m m    (1)
where, 
2 3
0
Fe Om is the initial mass of Fe2O3 in raw 
ore and m is the mass change during the reaction. 
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The results in the argon-involved system indicate 
that the reduction degree of the ore increases with 
the raising equilibrium temperature. The reduction 
degree is around 12.5 % at 1750 K, a typical 
operation temperature of the smelting cyclone. The 
typical pre-reduction degree is in the range of 20 ~ 
25 % [1], which implies that chemical reduction 
contributes more to the ore pre-reduction in 
cyclone. Meanwhile, Figure 2 shows that the 
reduction degree increases slowly below 1750 K. 
 
Figure 2 Amount and partial pressure of released 
oxygen from thermal decomposition of the hematite ore 
in argon-involved system 
3.2 Chemical reduction 
As already noted, the product of thermal 
decomposition could not be metallic iron. What 
kind of products could be in the chemical 
reduction depends on the composition of the gas, 
such as the PCR value. With highest reducing 
environment, the ore particles in PCR1 and PCR1’ 
gas could reach the highest reduction degree in 
equilibrium. The equilibrium state of hematite ore 
in PCR1 gas is shown in Figure 3 as illustration. 
Figure 3 shows a significantly different 
equilibrium state of iron ore in comparison with 
Figure 2. The most obvious difference is that the 
spinel phase is not a stable phase in equilibrium 
state in PCR1 gas from 1500 K to 1900 K. 
Abundant solid FeO and slag are generated above 
1500 K. With the increase of equilibrium 
temperature, the amount of slag increases 
exponentially comparing with the mass reduction 
of solid phases. The molten gangues keep low 
contents in the slag. And the ratio of Fe2+ to Fe3+ 
changes little above 1623 K. Because of high 
reducing atmosphere, Fe2+ maintains a high 
concentration in slag. It is well known that FeO 
rich slag could result in refractory erosion[8], which 
is a challenge of reactor maintenance. On the 
positive aspect, high FeO concentration can reduce 
the viscosity of the slag, and thereby accelerate 
diffusion of ions in the slag. A relatively high 
kinetic reduction rate could be obtained due to the 
high FeO content as a result. 
Comparing to low temperatures, serious weight 
loss of the reduced ore at high temperatures could 
be noticed. The principal volatiles at 1650 K is 
marked in Figure 3, which is mostly composed of 
Fe(OH)3. It is due to the high concentration of 
hydrogen ( 10 vol%) in PCR1 gas. Hydrogen or 
the produced water vapor could react with oxides, 
producing hydroxides volatiles. Usually, the partial 
pressure of hydroxides is much higher than the 
corresponding oxides. Comparably, high vapor 
pressure of hydroxides has been widely reported in 
the oxidation of boron nitride[9] and stainless 
steel[10]  in hydrogen bearing atmosphere. It also 
suggests that high gas blowing rate in HTDF could 
result relatively serious weight loss of the ore. 
 
Figure 3 Equilibrium state of the hematite ore in PCR1 
gas atmosphere at different temperatures 
The relationship between the liquidus temperature 
and the gas composition is drawn in Figure 4. The 
figure illustrates that the liquidus temperature 
increases with the increasing PCR value of gas. 
Meanwhile, the liquidus temperature of ore in the 
hydrogen free gas is a little higher than hydrogen 
containing gas with the same PCR value. It implies 
that the phase state of ore particles during the 
reduction can be adjusted by changing gas 
composition with constant PCR value and 
temperature. The composition of ore particles 
varies accordingly.  
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Figure 4 Liquidus temperature of hematite ore in 
equilibrium state in various atmosphere 
 
Figure 5 Comparison of equilbrium state of the 
hematite ore and the reported experimental results at 
2020 ms in HTDF in PCR2’ gas 
The theoretical content of FeO in the reduced ore 
and the reduction degree of the ore in PCR2’ gas 
are plotted in Figure 5 as functions of equilibrium 
temperature of the ore. It could be noticed that the 
content of FeO is related to the reduction degree 
because it is the final product of the reduction in 
the smelting cyclone. And the improvement of 
reduction degree of the ore is not obvious even 
though the equilibrium temperature has been 
elevated by 400 K from 1500 K.  The HTDF 
experimental results at 2020 ms from reference[4] 
are incorporated in Figure 5 for comparison with 
the equilibrium states. Different from the 
calculation results, the experimental results show 
an obviously increasing reduction degree of ore 
with the elevation of the reaction temperature. And 
the experimental result is closer to the calculation 
one at higher temperature. It indicates two issues. 
Firstly, the reaction rate of ore reduction could be 
improved significantly by elevating reaction 
temperature in the view of kinetics. The reduction 
degree of ore at the reaction end point is closer to 
the equilibrium state at higher temperatures. 
Secondly, the reaction time of 2020 ms is not 
enough for the hematite ore to reach the 
equilibrium state in the reduction process. 
4. Conclusions 
(i)The hematite ore starts thermal decomposition 
from 1630 K to magnetite-based spinel and FeO-
containing slag. The ore melts completely above 
1720 K in inert gas. The reduction degree of the 
ore increases with increasing temperature. 
(ii)At high temperatures (>1660 K) in the reducing 
gas (PCR = 38.9 ~ 80.4), the equilibrium state of 
reduced ore consists of FeO-based slag. FeO 
content in the slag is higher when kept in 
equilibrium with a gas phase having lower PCR 
values. It leads to a lower liquidus temperature of 
the reduced ore.  
(iii)The reduction degree of the ore does not 
increase obviously with the increase of 
temperature in the view of thermodynamics. 
Comparing the calculation results with the reported 
experimental results, one could know that the 
residence time of ore particles should be longer 
than 2020 ms in HTDF to reach equilibrium state. 
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Abstract: Experiments werecarried in a LF to examine the formation mechanism of CaO-Al2O3 
inclusions.Samples were taken during production for two different steel grades: a low-Al steel (Al=0.023%) and 
a high-Al steel (Al=1.1%). Liquid CaO-Al2O3 inclusions weredetected in the low-Al steelsamples, but they were 
not detected in the high-Al steel samples. The LF conditions, such as slag viscosities, temperatures, and gas flow 
rates, were almost the same between the two steel grades. These facts indicate that the detected CaO-Al2O3 
inclusions were notgenerated by slag entrapment, but by inclusion evolutions. For the low-Al steel, 
thermodynamically stable phase of the inclusion compositionwas found to be the liquid CaO-Al2O3. For high-Al 
steel, the stable phase was found to be a CaO·2Al2O3. The results of this study suggest that the formation of 
CaO-Al2O3 inclusions is controlled by the thermodynamic driving force of inclusion evolutions. 
 
Keywords: Inclusion modification, CaO-Al2O3, ladle furnace (LF), thermodynamics, high-Al. 
1. Introduction 
Inclusions are generally detrimental to both 
properties and production of steels[1]. Particularly 
for bearing steels, the size of inclusionsis desired 
to be as small as possible [2]. Among the variety 
of inclusion compositions, CaO-containing 
inclusions are known to exist in large sizes in 
steel products[3] . CaO-containing inclusions are 
thermodynamically stable and they have lower 
interfacial energies compared to other 
inclusions[4]. Therefore, CaO-containing 
inclusions tend to remain throughout steelmaking 
processes once they are formed in a steel melt[5]. 
Slag entrapment is known to be one possibility of 
the source of CaO in inclusions, because slags 
mainly consist of CaO[2]. On the other hand, 
CaO-containing inclusions can also be formed by 
the inclusion evolutions, which are the reactions 
between Ca and existing inclusions (such as 
Al2O3 and MgO·Al2O3)[5]. However, the 
dominant source of the CaO to inclusions during 
an actual steelmaking process has not been 
clarified enough. From this standpoint, this study 
is carried out to elucidate the main factorsthat 
influence the formation of CaO-containing 
inclusions in a secondary refining process. 
2. Experimental procedures 
The procedure of the melt shop is the following: 
EAF → LF → RH → CC line. The capacity of 
the ladle in the production line is about 150 tons 
of steel melt. Dual porous plugs are equipped for 
the gas stirring during the LF refining process. 
Two steel grades were subject to this study, 
namely alow-Al containing steel grade (0.36%C-
0.76%Si-0.023%Al) anda high-Al containing 
steel grade (0.46%C-0.18%Si-1.1%Al). During 
the experiment, steel and slag samples were taken. 
More specifically, three liquid steel samples were 
taken at 15, 30, and 45 minutes of the LF refining. 
These samples were named “LF15”, “LF30” and 
“LF45”, respectively. The compositions of 
inclusions on the polished cross section of each 
steel sample were analyzed using an SEM/EDS 
inclusion analyzer. To investigate the variation of 
the inclusion compositions, more than 10 
inclusions, which are larger than 2μm, were 
detected and analyzed for each sample. To 
calculate the content of CaO in inclusions, the 
measured small amount of Mn was allotted to a 
MnS phase and the remaining S was considered 
to be bound as a CaS phase. After this procedure, 
the rest of the Ca content was allotted to a CaO 
phase.[3,5]The variations in the concentrations of 
CaO, MgO, Al2O3 and CaS in inclusions in steel 
samples were investigated during the LF process. 
The methods for a quantitative analysis of steel 
compositions were the same as presented in the 
previous work.[5] To discuss inclusion 
modifications, theCacontent in each steel sample 
was calculated based on the information of the 
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average inclusion composition and insoluble 
oxygen content(T.O - Ocalc) at each sampling 
time. A detailed explanation of this calculation is 
described in the previous papers.[6,7] 
3.Results 
3.1 Variation of compositions in the steel 
melt 
The variations of the steel compositions during 
the LF process are shown in Fig. 1. For the high-
Al steel, the Al content was adjusted to 1.1 
mass% after a deoxidation during the initial stage 
of the LF refining. The decrease inthe Al content 
recognized in the low-Al containing steel is 
thought to be due to slag/metal reactions such as 
desulfurization.[3]The S content in each grade 
reached a value of 0.005% as the result of 
desulfurization.This low S content indicates an 
active slag/metal reaction. TheCa content in the 
samples increasedup to 5 ppm for the low-Al 
steel and 3 ppm for the high-Al steel at the end of 
the LF refining. This increase is due to both a 
chemical reduction of CaO in the slags,[3] and 
dueto Ca residuals in deoxidizing alloys.[8] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Variations of the steel compositions in the 
low-Al steel and the high-Al steel during the LF 
refining 
 
3.2 Variation of Inclusion Compositions 
The variations of the inclusion compositions at 
each sampling step are shown in Fig. 2. Each 
inclusion composition is plotted in a CaO-MgO-
Al2O3 ternary diagramsince oxide inclusions in 
Al-killed steel melts are mainly consist ofa CaO-
MgO-Al2O3 system.[5-7]At the stage of the LF15 
sampling, the inclusions consisted mostly of 
Al2O3 for both steel grades.TheseAl2O3inclusions 
are the deoxidation products formed in 
connection to the Al addition. Thereafter, the 
inclusion evolutions ofAl2O3→MgO∙Al2O3, 
Al2O3→CaO-Al2O3liq (CaO-Al2O3liq :mass% CaO 
= 36 - 58 at 1873 K[9]), and MgO∙Al2O3→CaO-
Al2O3liq were identified in the low-Al steel. This 
composition variations are the same as has been 
previously reported.[5] Changes of Al2O3 
inclusions to MgO∙Al2O3 inclusions also took 
place in the high-Al steel, similar to what was 
found in the low-Al steel. However, noCaO-
Al2O3liqinclusionswere identified in the samples 
of the high-Al steel.This difference in the CaO 
content in inclusions between the two steel 
gradesis quite notable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2Composition of inclusions at each stage of 
sampling during the LF refining: (a) low-Al steel, (b) 
high-Al steel 
 
4. Discussions 
As mentioned above, CaO-Al2O3 inclusions can 
be formeddue to two mechanisms, namely slag 
entrapment into a steel melt and inclusion 
evolutions in a steel melt.In the following 
sections, these two mechanisms are discussed. 
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4.1 Slag entrapment 
The variations of the slag compositions (C/A: 
mass% CaO/mass% Al2O3) and the slag 
viscositieswere compared between the two steel 
grades. Regarding the slag viscosities, the 
compositions of the liquid phase in the slagswere 
calculatedfirst. Thereafter, their viscosities were 
calculated using FactsageTM. The results are 
shown in Fig. 3. At the end of the LF refining, 
the C/A values wereapparently different between 
the two grades. This may be due to the difference 
of the Al content. On the other hand, the slag 
viscositieswere not differentlargely between the 
two grades. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Variations in the slagcompositions and the 
slag viscositiesduring the LF refining processes of the 
low-Al steel and the high-Al steel 
 
In the LF45 sample of the low-Al steel, the C/A 
values of some inclusions are similar to those of 
the slags. However, the compositions of 
inclusions and slagsarecompletely different in the 
high-Al steel throughout the LF process. In the 
samples of the high-Al steel, the C/A valuesin 
inclusions were quite low (Mostly, they were 
smaller than 0.2) even though the values in the 
slags were around 1.4. The condition of the LF 
operations, such as the amount of thesteel/slag 
melts, temperatures, time, and gas flow rate, were 
almost the same between the two steel grades. 
Therefore, the tendencies of slag entrapment 
during the LF operations arethought to be almost 
the same between the two steel grades. Thus, this 
result indicates thatthe inclusions detected in this 
study didnot originate by slag entrapment. 
4.2Thermodynamic considerations 
In a melt of an Al-killed steel, CaO-Al2O3 phases 
are known to be thermodynamically 
stable.[5,6]Therefore, thermodynamic calculations 
were carried out to determine the stable inclusion 
composition on the present experimental 
conditions.Referring to the method proposed by 
Taguchi et al.,[10]Eqs. (1) and (2) were used to 
determine the moststable phase in the CaO-Al2O3 
system. The first and second interaction 
parameters listed in Table 1 were considered in 
this calculation.[11] 
 
TK 220/ 73.29log     CaO(s)OCa 1   (1) 
TK 300/ 4511.62log  (s)OAlO3Al2 232   (2) 
Table 1 First (eij) and second (rij, riij) interaction 
parameters of the elements in thesteel melt at 1873 K 
i j ei
j ri
j ri
ij 
Ca C 
Si 
Ca 
Al 
O 
-0.34 
-0.096 
-0.002 
-0.072 
-780 
 
 
 
 
650,000 
 
 
 
 
-90,000 
Al C 
Si 
Ca 
Al 
O 
0.091 
0.056 
-0.047 
0.043 
-1.98 
 
 
 
 
40 
 
 
 
 
-0,0284 
O C 
Si 
Ca 
Al 
O 
-0.45 
-0.131 
-310 
-1.17 
-0.17 
 
 
-18,000 
-0.01 
 
 
 
520,000 
47.4 
 
 
Table 2 shows the activities of CaO and Al2O3 at 
each boundary in the CaO-Al2O3 system 
calculated by FactSageTM, which were 
substituted into  Eqs. (1) and (2). 
 
Table 2 Activity of CaO and Al2O3at a boundary of 
various CaO-Al2O3 systems at 1873 K 
Boundary aAl2O3 aCaO 
Al2O3(s) / CaO·6Al2O3(s) 1.0 0.0049 
CaO·6Al2O3(s) / CaO·2Al2O3(s) 0.88 0.010 
CaO·2Al2O3(s) / CaO·Al2O3(s) 0.29 0.10 
CaO·Al2O3(s) / CaO-Al2O3(l) 0.18 0.17 
CaO-Al2O3(l) / CaO(s) 0.0089 0.99 
 
The result presented in Fig. 4 shows Al and Ca 
contents for the two steel grades at each 
sampling step. According to this figure, the most 
stable phase in the CaO-Al2O3 system is 
different between the two grades. The CaO-
Al2O3liq phase, which is well-known as the most 
stable phase of inclusions in ordinary Al-killed 
steels,[5] is stable in the low-Al steel grade. In 
contrast, a CaO·2Al2O3 phase is the stable phase 
in the high-Al steel grade. Thus, 
thermodynamically stable conditions regarding 
inclusion composition in a steel melt are thought 
to be different for the two steel grades. 
As has been frequently reported, CaO-Al2O3 
inclusions are known to be formed by the 
inclusion evolution starting from an Al2O3 phase 
in a steel melt during secondary refining 
processes.[5]Therefore, the driving force of this 
evolution is assessed in the following discussion. 
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Eqs. (1) and (2) can be combined to yield Eq. 
(3), which describes the inclusion evolution 
mentioned above. The activities of CaO and 
Al2O3 shown in Table 2 were also substituted 
into equation (3). The result is shown in Fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Phase stability diagram of the CaO-Al2O3 
systemfor the low-Alsteel and the high-Al steelat 1873 
K(A: Al2O3, C: CaO) 
 
 
 
 
TG 2.137009150Δ 03   (3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Comparison of the thermodynamic driving 
forces (ΔG) for the modification of theAl2O3phase in 
an inclusion by Ca at 1873 K (A: Al2O3, C: CaO) 
 
As can be seen in this figure, the driving forces 
(ΔG) of the inclusion evolutionscan 
behighlyaffected by the Al content. In the high-
Al steel, the driving forces are much lower than 
those in the low-Al steel.Inclusions with higher 
Al2O3 content tend to be stable with larger 
amount of Al. This difference of the driving force 
can influence thedegree of the inclusion 
evolution in a steel melt, which wasrecognized in 
Fig. 2. Still, the phases of the detected inclusions 
are different from those of thermodynamically 
stable phases in the high-Al steel melt. This 
difference can be due to a frequent inclusion 
removal since low-modified inclusionshave large 
contact angles to steel melts.[4,5,7]Thus, based on 
the discussions,the formation of the CaO-Al2O3 
inclusions in a steel meltiseffected by the 
thermodynamic driving force of the inclusion 
evolutions, not by slag entrapment.  
5. Conclusions 
Plant experiments were carried out to study the 
formation mechanism of CaO-Al2O3 inclusions. 
Experimental investigation and thermodynamic 
calculations were performed to discuss 
theformation behavior of CaO-Al2O3 
inclusions.The following conclusions summarize 
this study. 
(i) Inclusions detected in the steel meltsare not 
generatedby slag entrapment, but bytheinclusion 
evolution starting from an Al2O3 phase. 
(ii) The formation behavior of CaO-Al2O3 
inclusions in a steel melt during an LF refining 
process iscontrolled by the thermodynamic 
driving force of the inclusionevolution. 
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Abstract: In basic oxygen furnace (BOF) steelmaking process, it is very important to understand the dissolution 
mechanism of magnesia based flux to improve the productivity of BOF vessel by increasing the refractory lining life 
and reducing the down time of the vessel. In the present study, a mixed control kinetic model for calcined dolomite 
dissolution is presented considering the formation of dicalcium silicate (2CaO.SiO2 =C2S) solid solution on un-
reacted CaO interface and magnesiowustite (MgO.FeO= MF′) solid solution around the un-reacted MgO interface. 
A general mixed control kinetic model has been proposed to estimate the dissolution rates of calcined dolomite flux 
under different BOF slag compositions. The present Model predictions are validated with plant operating data 
available in the literature as well as of Visakhapatnam steel plant which shows encouraging results in predicting 
magnesia based flux dissolution in BOF steelmaking type slag. 
Keywords: Steelmaking, dissolution, calcined dolomite, stirring 
1. Introduction  
It is well known that, reaction between solid CaO 
with SiO2 and MgO with FeO in iron-silicate type 
slag result in formation of di-calcium silicate 
(2𝐶𝑎𝑂. 𝑆𝑖𝑂2 = 𝐶2𝑆), tri-calcium silicate (3𝐶𝑎𝑂. 𝑆𝑖𝑂2 =
𝐶3𝑆) and magnesiowustite (𝑀𝑔𝑂. 𝐹𝑒𝑂 = 𝑀𝐹
′) 
respectively[1-4].Calcined dolomite is a mixture of 
CaO and MgO particles and the similarity in ionic 
radius between Mg2+ (0.66Å) and Fe2+ (0.74Å) ions 
and the thermodynamic drive of silicate formation 
between CaO and SiO2 ensure that, reactions occur 
at specific sites within the particle to produce C2S-
MF′ as two phase region.The classic experimental 
study of Umakoshi et al.[1] concluded that, increase 
in dissolution with increasing revolution speeds of 
cylindrical sample confirms that slag-film diffusion 
is the rate controlling step however this is possible 
even also with mixed control model. Huang et al.[4] 
dissolved solid MgO in argon gas stirred MgO-SiO2-
B2O3 and FeO-SiO2-CaO slag and reported that, 
formation and decomposition of C2S and MF′ solid 
solution layer are rate controlling steps and 
concluded that the dissolution rate of MF′ solid 
solution is greater than that of MgO solid particles 
also claimed that the dissolution of solid MgO 
particle in CaO-SiO2-FeO slag strongly depends on 
the composition of MF′ solid solution. Satyoko et. 
al[3] reported the magnesia refractory dissolution in 
steelmaking slag. However, binders are used during 
manufacturing of refractory which may alter the 
actual properties of MgO present in the refractory 
during high temperature dissolution. The hypothesis 
of several researchers discussed above confirms that 
a general conclusion regarding overall rate of 
dissolution of magnesia based flux cannot be drawn. 
Furthermore, in actual steelmaking process, where 
temperature, SiO2 and FeO content of the slag varies 
continuously throughout the refining period hence it 
is quite unreasonable that, a single mechanism will 
control the dissolution rate for all the refining period. 
Thus, a mixed control model[8-10] would be more 
appropriate for calculating dissolution rates of 
magnesia based flux in steelmaking slag.  
2. Model development for magnesia particles 
The mixed control kinetic model consists of three 
steps namely slag-film diffusion step: the diffusion of 
SiO2 and FeO from the bulk slag through the slag-
film boundary layer around C2S and MF′ solid 
solutions, product-layer diffusion step: diffusion of 
SiO2 and FeO content of slag occurs through the C2S 
and MF′ layer that already formed and finally the 
interfacial reaction step: where SiO2 and FeO after 
diffusion through C2S and MF′ reacts with bulk CaO 
and MgO of calcined dolomite particle5). In the 
present model one-dimensional diffusion of SiO2 and 
FeO is considered[6, 7]. 
2.1 Model for spherical size particle 
The governing equations can be written as follows: 
                       
𝜕𝐶𝑖
𝜕𝑡
= 𝒟𝑖𝑗 [
1
𝑟2
𝜕
𝜕𝑟
(𝑟2
𝜕𝐶𝑖
𝜕𝑟
)]                         (1)      
 𝐽𝑖
∗ =
𝜕𝐶𝑖
𝜕𝑟
− 𝑁𝑖 ∑
𝜕𝐶𝑗
𝜕𝑟
𝑘
𝑗=1 =
𝜕𝐶𝑖
𝜕𝑟
− 𝑁𝑖
𝜕𝐶𝑖
𝜕𝑟
− ∑
𝜕𝐶𝑗
𝜕𝑟
𝑘
𝑗=2    (2) 
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𝜕𝐶𝑖
𝜕𝑟
=
𝐽𝑖
∗
(1−𝑁𝑖)
   (3) 
where 𝑁𝑖 is the mole fraction of i
th species in the slag 
phase. By applying all the boundary conditions as 
described above and integrating over the variables of 
change in radius of the particle with respect to 
change in time and then combining all the three 
kinetic steps, we can get the integral forms of rate 
equation for spherical geometry of calcined dolomite  
flux particles as: 
f {
δC
6C𝒟S
+
δM
3C𝒟F
} + (3 − 2f − 3(1 − f)
2
3) {
r0
12C𝒟S
p +
r0
6C𝒟M
p } +
(1 − (1 − f)
1
3) {
1
𝓀f
C(CS
b−CS
e)
+
1
𝓀f
M(CF
b−CF
e)
} =
1
ρSr
0 {1 +
ln (
C−CS
e
C−CS
b) (
C−CF
e
C−CF
b)} t                                              (4)                                    
where 𝐶𝑖 is the molar concentration SiO2 and FeO 
(mol/m3), 𝐽𝑖
∗ is the molecular flux in the ith-direction 
(mol/m2s), r0  is the initial radius of particle (m), t  is 
the dissolution time (s), 𝒟𝑖𝑗 is the diffusivity of i
th-
species in jth-direction (m2/s), 𝐶𝑆
𝑏, 𝐶𝐹
𝑏 and 𝐶𝑆
𝑒, 𝐶𝐹
𝑒 are 
the molar concentration of SiO2 and FeO in  bulk and 
interface between C2S and MF′ and slag film 
respectively (mol/m3), 𝛿𝐶  and 𝛿𝑀are the 
concentration boundary layer thickness on CaO and 
MgO  particle (m), 𝒟𝑆, 𝒟𝐹 and 𝒟𝑆
𝑝
, 𝒟𝑀
𝑝
are the 
diffusivity of SiO2 and FeO in the slag and in C2S 
and MF′ respectively(m2/s), 𝓀𝑓
𝐶 and 𝓀𝑓
𝑀  are the 
modified forward reaction rate constant for the 
reaction 2𝐶𝑎𝑂(𝑠) + 𝑆𝑖𝑂2 = 2𝐶𝑎𝑂. 𝑆𝑖𝑂2(= 𝐶2𝑆) and 
𝑀𝑔𝑂(𝑠) + 𝐹𝑒𝑂 = 𝑀𝑔𝑂. 𝐹𝑒𝑂(𝑀𝐹′) respectively (m/s), 
𝜌𝑆 is the density of flux (kg/m
3). The fractional 
dissolution (f) was solved for spherical flux particles 
from 𝑓 = 1 − (
𝑟𝑡
𝑟0
)
2
and 𝑓 = 1 − (
𝑟𝑡
𝑟0
)
3
 respectively.  
The concentration boundary layer thickness (𝛿𝑖), 
estimated from the empirical formula of Kosaka et 
al.[8] as: 𝛿𝑖 = 4.76𝑑𝑠
1.5𝑁𝑅𝑒
−0.62𝑁𝑠𝑐
−0.35 where 𝑁𝑠𝑐, 
𝑁𝑅𝑒  are the Schmidt number and Reynolds number 
respectively, 𝑑𝑠 is the diameter of solid CaO and 
MgO particle (m). However, it is the only available 
correlation in the literature therefore it was modified 
by inserting a factor β =β𝛿𝑖 where ever necessary to 
achieve a reasonable agreement between model 
predictions and experimental results.  
Temperature dependence on diffusivity of SiO2 and 
FeO are estimated by assuming Arrehenius type of 
relationship with temperature as: 𝒟𝑖𝑜𝑟 𝒟𝑖
𝑝 =
𝒟0𝑒𝑥𝑝 (−
𝐸𝑑
𝑅𝑇
) where, 𝒟0 is the pre-exponential 
factor in the Arrhenius equation (m2/s), 𝐸𝑑 is the 
activation energy for diffusion of SiO2 and FeO in 
slag (Kcal/mol), 𝑇 is the Temperature of slag (K). 
The diffusivity at 15000C is calculated by using 
correlation given in Dolan’s et al. [9]. Due to 
unavailability of diffusivity data for SiO2 and FeO 
into the solid solution of C2S and MF′ is assumed to 
be (𝒟𝑆/2) and (𝒟𝐹/3) respectively for establishing 
good agreement between model predictions and 
experimental values. The viscosity of slag was 
estimated by Urbain’s viscosity model[10]. 
Furthermore, the estimation of activity coefficient of 
SiO2 and FeO content of steelmaking slag is 
expressed by the regular solution model proposed by 
Ban-ya et al.[11]. The algebraic equation (4) is solved 
by estimating the driving force from the CaO-SiO2-
FeO ternary slag by considering intersections 
between the liquidus line with a straight line 
connecting the C2S point.  
Table 1 Data used in the present model calculation 
Input 
variables 
Cicutti et al.[22] 
Visakhapatnam 
steel plant 
H.M wt 170 metric tons 140 metric tons 
Scrap wt 30 metric tons 12 metric tons 
Amount 
lime 
charged 
1000 kg before start of 
blow 
6600 kg in the first 
half of the blow 
1000 kg before start 
of blow 
4000 kg in the first 
half of the blow 
Amount 
dolomite 
charged 
1700 kg before start of 
blow 
1100 kg in the first 
half of the blow 
 
2000 kg in the first 
half of the blow 
Initial dia. 45 mm, 30mm 45mm, 30mm 
H.M Temp.   13500C 1350~14500C 
Oxygen 
blow rate 
620 Nm3/min, 6-hole 400 Nm3/min, 5-hole 
Lance 
height 
2.5m/2.2m/1.8m 2.8m/2.2m/1.5m 
 
3. Comparison of model prediction with data 
from literature 
The mixed control model for spherical size calcined 
dolomite flux particles as given in equation (4) for 
has been used for estimating dissolution rate and are 
validated for the plant operating data of Cicutti et 
al.[12] by considering the modified boundary layer 
thickness to suit the conditions prevailing inside the 
BOF vessel during actual refining operation. A 
reasonable emulsion height is estimated throughout 
the refining period and the effect of different particle 
size of calcined dolomite flux generally used in a 
steelmaking shop during BOF refining was also 
discussed. Table-1 shows the plant operating data by 
Cicutti et al.[12]and Visakhapatnam steel plant. 
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3.1 Estimation of boundary layer thickness for 
turbulent flow 
In BOF steelmaking process, turbulent flow occurs 
due to generation and removal of CO gas bubbles 
which generate a circulation flow that accelerates the 
dissolution of calcined dolomite flux particles in the 
slag. The stirring intensity induced by CO gas 
bubbles can be related in the correlation of Ranz and 
Marshall by using Kolmogoroff’s theory[13] for 
estimating the boundary layer thickness (δ) for 
dissolution of solid magnesia flux  in steelmaking 
slag at high Reynolds number (𝑁𝑅𝑒 > 2000) as: 
                                𝑁𝑆ℎ = 2 + 0.4 (
έ𝐶𝑂𝑑𝑝
4
𝜗𝑘
3 )
1/4
𝑁𝑠𝑐
1/3             (5)                                                                                        
Where 𝑁𝑆ℎ is the Sherwood number, ∈𝐶𝑂̇  is the 
stirring power of CO gas (watt/kg), 𝑑𝑝 is the 
diameter of flux particle (m). The stirring power of 
CO gas (έ𝐶𝑂) can be determined as a function of CO 
gas flow rate (𝒬𝐶𝑂) generated by decarburization 
reaction at jet impact zone where a significant 
amount of gas-metal decarburization is taking place 
in BOF steelmaking.[14] In the present model 
calculations, jet-impact area is estimated as a 
function of operating oxygen lance height.[15] while 
the depth of penetration of multiple nozzle oxygen 
jet on metal bath was estimated by S.C. Koria et 
al.[16] Considering the above factors, decarburization 
of metal bath was calculated by Chou et al.[17], and 
stirring intensity by using Brooks et al. [18] as: 
 
                  έ𝐶𝑂 = 14.2
𝒬𝐶𝑂𝑇𝑠
𝑊𝑠
𝑙𝑜𝑔 (1 +
ℎ𝑠𝑃𝑎𝑚𝑏
1.46
)           (6)  
Where 𝒬𝐶𝑂 is the gas volume flow rate generated by 
decarburization reaction (Nm3/min), 𝑊𝑠 is the the 
weight of slag (kg), 𝑃𝑎𝑚𝑏 is the ambient pressure 
inside the BOF vessel (atm). 
                                                                  
3.2 Estimation of emulsion height  
The foam height estimation is based on the function 
of physical properties of slag and CO gas generation 
rate adopted from Ito and Fruehan et al. [19] as: 𝛴 =
(ℎ𝑠−ℎ0)
𝑉𝐺
𝑠 = 570
ɳ𝑠
(𝜌𝑠𝜎𝑠)
0.5 where ℎ0 is the slag height before 
the foaming begins (m), ℎ𝑠 is the foam height of slag 
(m), 𝛴 is the foaming index of slag 𝑉𝐺
𝑠 is the 
superficial gas velocity (m/s), 𝜎𝑠 is the surface 
tension of molten slag system (N/m). The physical 
properties of slag are estimated by using K.C. Mills 
et al[10]. The predicted foam or emulsion height was 
found to be within the limits of below 4.5m which is 
a valid prediction. 
3.3 Effect of particle size on dissolution 
Two types of calcined dolomite flux 45 and 30 mm 
are selected in the present model calculation as 
illustrated in Fig. 1 from which it can be inferred that 
by decreasing the size from 45 to 30mm, the amount 
of dissolution increases from 2500 to 2800 kg by 
reducing the un-dissolved amount from 11 % to 0%. 
The plausible reason for such phenomena might be 
due to penetration of FeO into the pores of the 
particle which breaks the C2S solid solution layer 
and dislodged the MgO grains into the slag creating a 
high surface area to volume ratio. However in reality 
the un-dissolved particles of calcined dolomite are 
always present in the turn down slag regardless of 
the particle size. The model prediction for dynamic 
wt. % MgO during the BOF steelmaking is compared 
with the plant operating   data of Cicutti et al. [12] 
shown in Fig. 2 from which it is evident that, model 
prediction reasonably in good agreement with the 
measured data. 
 
Figure 1 Model predictions of dissolution rate for 45 and 
30 mm particle size 
 
Figure 2 Model predictions vs. measurement data by 
Cicutti for MgO dissolution as a function of time 
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4. Validation of the model with the operating 
data of Visakhapatnam steel plant 
The model prediction for spherical size calcined 
dolomite flux is estimated by solving equation (4) of 
the mixed control model. Table 1 represent the 
operating data used during the investigation. The 
composition of calcined dolomite during the trials 
was 30-35 wt. % MgO and balance is CaO with size 
range of 10-50 mm. It has been observed from Fig. 3 
that as the FeO increases above 20 wt. % in the turn 
down slag the dissolution rate of calcined dolomite 
increases. This may be due to the breaking of C2S 
layer of CaO by FeO which makes the MgO particles 
free by creating high surface area to volume ratio. 
During the decarburization period as the FeO content 
in the slag decreases the dissolution rate of CaO 
component decreases while MgO component 
increases. This is due to high driving force difference 
between actual and saturation composition of MgO 
with slight decrease in viscosity (up to 30wt. % 
FeO). Furthermore, below 20 wt. % FeO in the turn 
down slag the dissolution of MgO component of 
calcined dolomite increases where as the dissolution 
of CaO component decreases resulting in decrease in 
the overall dissolution rate of calcined dolomite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Dissolution rate of calcined dolomite for steel 
plant data as a function of wt. %FeO at turndown slag 
 
5. Conclusions 
From the present study the following general 
conclusions can be drawn: 
(1) The CO gas generation and its stirring rate have a 
crucial impact on the rate dolomite dissolution. The 
increase in the gas flow rate provides a lesser 
boundary layer thickness which provides better 
dissolution of dolomite. 
(2) Decrease in particle size of calcined dolomite 
increases the amount of dissolution. The model 
predictions are reasonably good agreement with 
measured data for predicting the dynamic content of 
MgO in the slag during BOF steelmaking.  
(3) It has been observed from Visakhapatnam steel 
plant data that as the FeO content of slag increases 
the dissolution of calcined dolomite flux particle 
increases. . During the decarburization period as the 
FeO content in the slag decreases the dissolution rate 
of CaO component decreases while MgO component 
increases. This is due to high driving force difference 
between actual and saturation composition of MgO. 
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Abstract: In order to maintain consistent green pellet properties, binder performance mechanism was 
investigated and a first phase development of activating the bentonite with alkaline solution was tried and tested 
both at laboratory and plant scale. The results achieved were encouraging in reducing the binder consumption 
and improvement in green pellet properties.  However, it was observed that the same has introduced alkali load 
in the pellets, and could not address the issues of fluctuations in iron ore size fraction, feed moisture, 
granulometry and recirculation load. Subsequently, chemical additives were designed to make bentonite hyper-
activate. A number of chemical additives were developed, tested in the lab under various operating conditions 
and the final version of the new chemical additive was tried at plant scale. The binder performance in 
combination with the additive with respect to particle sizes, surface characteristics, rheological properties 
(wettability, swelling index, PWA, MBA, gelling properties) and high temperature properties have been 
extensively evaluated to optimize the binder consumption under varying operating conditions. The specific 
binder consumption has been optimized to 3 kg/T of pellets.  
 
Keywords: Binder, Pelletisation, Swelling index, Binder activation. 
 
1. Introduction 
The binder mostly used in pelletizing iron ore 
comprises a silico-aluminous montmorillonite 
clay mineral called bentonite (NaCa).(AlMg). 
(Si4O10).(OH)2 contains about 50%-60% of 
silica and 13%-17% of alumina depending on 
other characteristics of the clay. It is available in 
two forms; sodium bentonite and calcium 
bentonite. Ball et al. (1973) indicated that 
bentonite clay has the following effects [4]. 
(i) Bentonite absorbs moisture, allowing for 
higher moisture concentrate feeds to be 
pelletized. Moisture variations can be overcome 
by altering bentonite dosages.  
(ii)As bentonite is mixed into the iron ore 
concentrate it becomes wet so that clay layers 
expand and disperse by the hydration of 
exchangeable interlayer cations, transforming 
into a matrix that bonds the ore particles 
together. 
(iii) During tumbling, the pellets are formed by 
particles adhering to each other in layers, which 
are compacted by the weight of the other pellets 
into a spherical.  
Investigations show that the improvement in 
natural adhesion between the particles caused by 
the organic binders is attributed to its increasing 
effect on the wettability on the surface of 
concentrates, besides an increase in the 
dispersion of ore fines [2, 3].  
JSW Steel Plant receives IO fines from different 
mines of surrounding area of Bellary-Hospet 
region. JSW Steel Limited has set up 16.0 
MTPA beneficiation plant to reduce the alumina 
content in iron ore fines to the acceptable level. 
Pellet plant utilizes around 20-30% of 
beneficiated iron ore fines 50-60 % of local iron 
ore from run of mines and remaining will be the 
iron rich waste generated in iron and steel 
making units at JSW. The presence of such fines 
in iron blend makes the Blaine number higher 
more than 2700 -3500 cm2/g along with varied 
moisture in pellets feed ranging from 9-11% 
which makes the process inconsistence in terms 
of bentonite consumption (9-1.2Kg/ton) which 
not only increases the production cost but also 
add undesirable gangue in pellets. 
2. Activation of natural bentonite binder 
Swelling properties of bentonite depends on the 
type of exchangeable cations whether Na+ or 
Ca2+. Sodium ions hydrate more readily causing 
the bentonite to swell more, so any effort to 
increase the concentration of Na+ ions will 
improve the swelling properties of bentonite[1]. 
After studying different additives, sodium 
hydroxide (NaOH) has been identified as a 
suitable activator to increase the Na+ 
concentration. However, activation alone by 
Sodium is not sufficient to get good green and 
fired properties of the pellets. The activation is 
further enhanced by addition of Polymer binder 
namely PVA (Polyvinyl acetate) and PVC 
(Polyvinyl -alcohol).The process of activation of 
normal bentonite binder shown in Fig.1. 
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Sodium ions helps in excessive swelling of 
bentonite. In Presence of organic binder, it is 
found that plate water adsorption (PWA) of 
bentonite reaches its peak point at about 1% 
NaOH. Afterwards, it begins to fall and levels up 
at around 3% NaOH. Up to a critical amount, ie. 
1% NaOH, the bentonite plates become 
completely separated so that no water can be 
entrapped between the plates i.e. decreasing 
water adsorption capacity in high levels of 
NaOH[5]. The presence of organic binder 
drastically changes bentonite properties as shown 
in Table 1.  
 
Figure 1 Activation of bentonite through NaOH and 
polymer binder  
 
Table 1 Properties comparison of bentonite against 
chemically treated bentonite 
Parameters 
Polymerized 
bentonite 
Normal 
Bentonite 
Free Swelling Value 33 23 
Plate Water Absorption 680.21 521 
MBA Value in mgm/gm of clay 425.26 362.5 
Blaine number (m2/kg) 300 321 
Gelling time 25 sec 1 min 
Gel formation index 82 ml 65 ml 
 
Figure 2 Dosage of normal and chemically treated 
bentonite  in different experiments 
 
Figure 3 Green pellets properties with normal and 
chemically activated bentonite 
 
The dosage of normal and chemically treated 
activated bentonite was maintained at 0.8 and 
0.3-0.5% respectively as shown in Fig. 2 and 
Fig. 3. Chemistry of bentonite and chemically 
activated binder is given in Table 2. Use of 
activated binder resulted in remarkable 
improvement in CCS of fired pellets as shown in 
Fig. 4. 
 
Figure 4 Influence of binder on CCS of pellets 
 
Table 2 Chemical composition of iron ore concentrate 
and binders 
 
3. Plant trial at pellet plant #1, JSW with 
polymerized bentonite 
 
The activated binder feed by screw dozer to the 
mixing unit where all the raw material is mixed 
thoroughly before charging to Disc pelletizer. 
The moisture was added fully in the disc by 
spray nozzle to maintain the final moisture in the 
pellets around 7-8%.The dosages of activated 
bentonite were maintained at 0.5% as optimized 
in laboratory pelletization study and produced 
green pellets were fired at 1300oC. The results 
are shown in Fig. 5. The MPS of pellets found to 
be 11.2 mm against 12.35 mm during the whole 
pelletization trials.  
 
 
 
Figure 5 Pellets physical properties with activated 
bentonite (CAB) and normal bentonite 
 
The trial period operation parameter indicates 
that the furnace recuperation pressure reduced, 
machine speed increased. Activation improved 
the dispersion of bentonite during mixing. 
 
289 
 
 
 
 Figure 6 Variation in % moisture in pellet feed 
 
Figure 7 Variation in iron ore fineness 
 
4. Chemical additive for hyper-activation of 
bentonite 
The feed to pellet plant#2 at JSW steel having 
wide variation and inconsistency in terms of % 
moisture and Blaine No. (IO particles fineness) 
as shown in Fig. 6 and Fig. 7. This results in 
increasing bentonite dosage around 9-10 kg/Ton 
of pellets. However, usage of activated bentonite 
further in pellet plant#2 was not able to 
encounter the variation in feed material and 
hence the dosage only reduced to 7 kgs/Ton of 
pellets without much improvement in pellet 
properties. 
 
Figure 8 Binding mechanism of chemical additive 
 
4.1 Designing and hyper activation 
mechanism of chemical additive 
The organic chemical additive used for hyper 
activation of bentonite is basically sodium 
acrylate based acrylamide polymer containing 
aldehyde functional group. Sodium acrylate 
works as a hardening agent and compound 
containing aldehydic group. In presence of 
moisture the acrylamide based polymer is 
activated forming numerous networks of 
polymer chain. These chains capture the 
octahedral and tetrahedral sites of bentonite by 
forming the inter and intra networks as shown in 
Fig. 8.  
Figure 9 Swelling of bentonite and hyper activated 
bentonite 
Figure 10 Influence of chemical additive on bentonite 
drying 
The binding mechanism of chemical additive is 
independent of chemical composition of 
bentonite. Fig. 9 shows a photograph of the 
actual Performance of chemical additive on 
gelling behaviour of normal bentonite clay. The 
un-treated bentonite (100% bentonite) and 
chemical treated bentonite (0.01% chemical 
additive and 0.3% bentonite) were put in the 
glass funnel and the test is carried out as per IS 
12446-2007.The value of gel formation index for 
normal bentonite clay was found to be 70-73ml 
while that for treated bentonite was 90-93ml and 
his helps reduces binder consumption around 60-
62%.The full swell sample bentonite with and 
without chemical subjected to heating at 
temperature of 1200C. Fig. 10 showing that the 
lumpy mass of bentonite is formed after moisture 
removal whereas the chemical additive treated 
bentonite shows spongy mass of bentonite. In the 
presence of water, the counter ions hydrate, 
causing the clay to expand. However up to 
certain extent the bentonite can absorb to 
moisture, in presence of chemical additive the 
moisture absorbing capacity increase due to 
polymerization of chemical additive and it 
quickly form polymer chains between tetrahedral 
silica and octahedral alumina and acts as a bridge 
between two grains of bentonite. The PWA 
values are very ranging from 325-526% against 
525-700%.EPMA image of dried Bentonite and 
chemical additive treated bentonite sample 
shown in Fig. 11. It is clearly revealed that the 
chemical additive is thoroughly surrounds the 
bentonite grains. Similarly, due to hydration of 
chemical additive, the inter and intra molecular 
layer formation helps in making dried mass more 
stretchable and foamy. 
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Figure 11 EPMA (Electron probe micro analyser) analysis of chemical treated bentonite wherein the 
photomicrographs of pellets taken at 100X,  200X, 500X, 1000X, 2000X and 3000X 
 
5. Experimentation and plant trials 
 
 Green pellets made in laboratory disc pelletizer 
with 0.8 % bentonite and 0.01% Binder as show 
in Table 3. Based on optimized dosage of 0.01 % 
of chemical additive and 0.3% bentonite the 
plant based trial results shows that fluctuation of 
-10-micron feed size in the blend the and 
moisture, the green pellets properties are 
comparable or even higher compare to only 
bentonite pellet. At constant dosage of binder, 
the higher temperature properties are also 
comparable and better then bentonite pellets. 
Chemical additive will decompose at 
temperature of 400-450 0C inside induration 
machine and thus strengthen the bentonite 
structure which results in increase in Dry 
Compression Strength (DCS) of pellets. 
 
Table 3 Green properties of pellets 
 
6. Conclusions 
 
Activation of sodium bentonite along with 
polymer helped in enhances swelling of 
bentonite by 43 %, plate water absorption by 
30% and MBA values by 15%. Improved 
Gelling time and gel formation index resulted in 
better control on pellet size. Activated bentonite 
helped in increasing the drop number and green 
compression strength even at lower dosage of 
0.3-0.5% against 0.8 % bentonite. The new 
chemical additive take care of fluctuations iron 
ore fineness and moisture in pelletization. Binder 
consumption is optimized @ 0.01 % + 0.3% 
bentonite for all conditions of -10 µ fractions. 
The chemical is sensitive to moisture content in 
the pellet and performed better with moisture 
~10.2 – 10.5 %. The granulometry of the green 
pellets improved with 8-12 mm fraction ~60 % 
with average MPS @ 12. 02 mm. This will 
improve the bed permeability and firing 
properties of the pellets. The additive maintained 
minimum drop no. of 12 and GCS of 1.2 
kg/pellet.  
 
Figure 12 Variation of green pellets size with fineness 
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Abstract: In lieu of India’s steel vision 2020, around 500 million tons of quality iron ore are required to 
produce ~280 million tons of steel. It is known that India possesses huge resources of banded iron ores with an 
iron content of 30-35%. Comminution step as it kicks starts the mineral beneficiation process but the very low 
efficiency (1-2%), as well as stochastic nature of the process, accounts for 50-70% energy consumption in the 
processing plant. In this work, banded hematite quartzite (BHQ) iron ore has been tested at different size 
regimes both in a ball mill and compressive mode. It can be inferred from the present work that compressive 
grinding offers finer particle size distribution, excessive fines, and significant micro-cracks. Also, energy 
consumed during both breakage modes has been calculated along with size reduction parameters. Finally, 
specific comminution energy (kWh/t) vs. particle size distribution has been used to assess the comminution 
performance of both breakage modes.  
 
Keywords: Banded iron ore, Comminution, Ball mill, Specific Energy, Micro-cracks 
1. Introduction 
As per India's vision 2030, India needs to 
produce 280MTPA of steel which requires 
approx 550 MTPA good quality iron ore. India 
has abundant resources of banded iron ores such 
as (BHQ, BHJ, B-banded, H- Hematite, Q-
Quartzite, J-Jasper) with an iron content of 30-
40%. The low grade, complex association of 
silica-iron phase i.e., soft-hard lamellae structure, 
and fine liberation size (<75 microns) inhibits 
the direct use in the iron making process. 
Recently, NMDC reported that beneficiation 
steps are mandatory to yield a suitable 
concentrate 60-65% Fe with 30% recovery only. 
It is well understood that comminution plays a 
key role in the process as it kicks starts the 
mineral beneficiation process. Comminution 
consumes up to 3% of all electric power 
generated in the world and it accounts for about 
50 to 80% of the total energy consumption in the 
mining operations, while only 1 to 2% is utilized 
for the production of the new surface area. This 
is attributed both to ore response as well as the 
inefficient action of comminution 
machine [1]. The energy efficiency in grinding is 
governed by two factors, namely the form by 
which energy transforms to particles and the 
particle/particle interactions [2]. Therefore, there 
have always been increasing efforts to enhance 
the comminution efficiency considering the fact 
that ores are getting harder and meanwhile, finer 
grinding is becoming a necessity. Comminution 
includes particle breakage which is a complex 
phenomenon as it involves different modes of 
breakage such as impact, abrasion, and 
compression [2]. The most efficient methods 
involve single particle and particle bed breakage 
slowly under compression in a piston-die 
arrangement. In this mode, comminution occurs 
primarily by very high localized inter-particle 
stresses generated within the particle bed [3, 4, 5]. 
Another way of enhanced comminution is pre-
treatment of ore such as thermal treatment using 
conventional and microwave heating or using 
grinding additives [5, 6]. The thermal treatment of 
ore followed by quenching brings about thermal 
fracturing by exploiting differences in the 
magnitude of the thermal expansion coefficient 
of various phases in the lattice, and thereby a 
reduction in ore strength. Whereas, the addition 
of chemical additive as grinding aid modifies the 
flow of pulp in the grinding mill and influences 
on re-agglomeration of the freshly produced 
fines [5, 6]. The success of grinding aid seems 
limited considering strong association and 
refractory nature of silica phase. Literature 
reveals that microwave preheating of an iron ore 
improved grinding efficiency by 5-10% but this 
improvement was not enough to compensate for 
the energy consumption of the microwave 
preheating [4, 5, 6]. The present work focuses on 
lab scale comminution studies using a ball mill 
and compression machine set up to measure the 
patterns of energy utilization in particle bed 
mode and ball mill of different sizes. This 
fundamental study can provide guidelines of 
breakage behavior for relatively new machines 
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such as High-Pressure Grinding Roll (HPGR). 
Besides conventional comminution, alternative 
pre-treatment is carried out on these banded 
ores. Based on literature review and above 
aspects the experimental plan is shown in Fig.1. 
 
Figure 1 Experimental plan for comminution studies 
of Iron Ore 
2. Material and methods 
The banded iron ores containing 30-36%Fe were 
procured from Karnataka state. The ore consists 
mainly of Hematite and quartzite phase (Fe2O3- 
44.37%, SiO2-51.85) and Mohr hardness is 
around 6-7. The samples were crushed to a 
nominal size of minus 6.75mm using a jaw and 
roll crusher. The major minerals identified 
through light microscope and XRD are Hematite 
and quartz along with micro/macro bands as 
shown in Fig. 2 and 3. The ore is subjected to 
impact-abrasion and compression mode using 
ball mill and compression testing setup. The 
grinding mill used (LxD, 11.5x10 inches) in this 
study is an instrumented lab scale ball mill 
having four equally spaced square lifters and 
is equipped with a variable frequency drive and 
torque-meter to record actual comminution 
power. A stainless steel ball load of different 
sizes 1/2 inch to 1-1/2 inch weighing 20.7 kg 
corresponding to 30% filling and at 70% critical 
speed was used. The grinding experiments were 
performed in batch mode in both dry and wet 
condition for different mono-size 
samples. Similarly, for compression tests 
predetermined amount of sample approx 500 
grams was subjected to a dynamic load (1-10 
kN/s) in a designed compression die set up and 
maximum load leading to actual work done was 
recorded with time. The product is dry screened 
for 15 minutes and product size distribution is 
measured. Similarly, the sample was pretreated 
in the microwave (~6 minutes) as well as 
conventional heating at 700°C for 30-60 
minutes. 
 
Figure 2 BHQ feed samples under (a) Universal 
Polarizing light microscope (b) Optical Microscope
 
Figure 3 XRD pattern of feed and pretreated sample 
 
3. Results  
As expected with both pre-treatments there is no 
phase change involved in the sample as shown in 
Fig.3. However, surprisingly in pretreated 
samples lot of cracks was observed as compared 
to feed sample as shown in Fig. 4. The heat 
treatment produces significant reductions in 
fracture energy even at moderate temperature 
because of the superficial cracks induced that 
offer sites for crack propagation leading to 
fracture, particularly in more brittle solids. If the 
hot material is rapidly quenched, the internal 
stresses produce intense micro-cracking and 
fracture occurs more easily during comminution 
which may reduce the grinding energy [5]. The α-
β quartz inversion at 573°C causes a volume 
growth of 0.86% and causes internal stresses to 
build up throughout the structure (which causes 
stress concentrations, and microscopic cracks), 
and at grain boundaries. Similarly, microwave 
pretreated ores show a differential heating due to 
the different dielectric properties of the various 
phases present in the ore body. This differential 
heating leads to fracture along the grain 
boundary and reduce the bond work index of the 
material [6]. It is expected that the cracks shown 
Angle 2theta
(a) (b)
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in Fig. 4 will significantly affect the grinding 
characteristics of ore sample.  
 
Figure 4 Optical microscope images of feed and 
pretreated BHQ samples before ball milling 
3.1 Particle size distribution 
Four mono-sizes (6.3x4.75, 4.75x3.35, 
3.35x2.38, 2.38x1.41 mm) of BHQ and BHJ 
were placed in a domestic microwave for 
different time intervals to evaluate their 
microwave response. Therefore, all the samples 
corresponding to different sizes were tested 
batch-wise for 6-mins and process temperature 
was recorded using a K-type infrared 
temperature sensor. As shown in Fig. 5, the 
coarser particle sizes attained higher temperature 
as compared to smaller particle size. This can be 
attributed to the fact that the microwave 
treatment effect is pronounced in coarse sizes 
due to more cracks whereas, for medium-fine 
sizes, flaws are depleted causing microwave 
effect to become minimal. 
 
Figure 5 Temperature attained during microwave 
pretreatment for different particle sizes of BHQ 
samples before ball milling 
Considering both pretreatments showed 
promising results in terms of micro-crack 
generation as well as significant temperature 
attained in the microwave, the feed, the 
pretreated thermal-microwave feed was 
subjected to ball milling for 1, 2, 4 and 8 minutes 
grinding. Dry grinding systems have breakage 
kinetics absolutely linear in nature, thereby 
indicating that the feed size selection function 
(S1) is independent of time and can be evaluated 
as shown in the equation (1). 
Selection function, 𝑆1(𝑡) = −
𝑑
𝑑𝑡
 [ln (
mi(t)
mi(0)
)]   (1) 
The relationship and dependence of selection 
function and particle size is depicted in Fig. 6. It 
can be seen clearly that selection function value 
(min-1) is higher for pretreated samples as 
compared with feed sample. As shown in Fig. 7 
it can be clearly seen that compression testing 
samples exhibited finer particle size distribution 
as compared with the ball milled samples. In 
another set of experiments, 4.75X3.30mm 
particles were comminuted with different 
combinations such as dry, wet, pre-treated in 
both ball mill and compression mode and 
corresponding particle size distributions for all 
combinations are shown in Fig. 8. The specific 
energy (kWh/t) consumed during comminution 
for both ball mill and compression unit is 
calculated using torque value and work done 
calculated. It is worthwhile to mention that 
specific energy values are least for compression 
testing mode whereas it becomes significantly 
high for ball mill. The specific energy values for 
heat treatment at 700°C for 1 hour time and 
microwave treatment for 5 minutes is calculated 
as extra ~2 and 3 kWh/t units respectively. It can 
be deduced from Fig. 7 and Fig. 8 that 
compression mode gives finer particle size 
distribution as compared to ball milling. 
However, pretreatment assisted ball milling 
gives finest particle size distribution but at the 
expense of significantly higher specific energy. 
The reason for the better performance of 
compression mode grinding can be attributed to 
significant cracks formed as shown in Fig. 9. 
 
Figure 6 Variation of top size selection function for 
different particle sizes  
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Figure 7 Comparison of particle size distribution of 
both modes for 4.75x3.3 mm BHQ sample 
 
Figure 8 Particle size distributions for different 
grinding conditions (4.75X3.30mm) 
 
Table 2 Summary of parameters obtained from Fig. 8 
 
Condition d/d50  (-100 µm %) kWh/t 
CTM_Feed 2.82 10.34 5.4 
CTM_MW 4.01 17.81 6.07 
CTM_HT 4.72 22.93 6.59 
Ball Mill_Feed dry 1.24 10.69 16.87 
Ball Mill_Feed wet 1.74 11.6 11.36 
Ball Mill_HT dry 44.3 55.3 18.87 
Ball Mill_MW dry 2.32 39.8 19.87 
 
 
Figure 9 Optical Microscopy for the CTM samples 
 
3.2 Effect of pre-treatment on downstream 
processing  
The ground samples of ball mill and compression 
testing were processed with Wet High-Intensity 
Magnetic Separator (WHIMS) at 10,000 gauss 
values. Surprisingly, there is not much change in 
total iron grade and recovery as shown in Table 
3. There is a slight increase in weight percent of 
the magnetic fraction but further work is required 
to delineate any firm trend.  
Table 3 WHIMS result for samples at 10,000 gauss  
 
Constituent % Fe Wt.(%) 
Feed Mag. 52.72 30.27 
  Non-Mag. 21.22 69.73 
HT Mag. 51.83 36.77 
  Non-Mag. 25.91 63.23 
MW Mag. 47.14 34.89 
  Non-Mag. 24.35 65.11 
 
4. Conclusions 
BHQ sample attains a temperature of ~1000°C 
within 5 minutes of microwave exposure without 
any chemical. Larger particle sizes respond 
better to microwave exposure due to more 
internal flaws. Compression testing mode is 
more efficient than ball mill grinding with 
respect to particle size distribution and fineness 
due to significant micro-cracks. Also, the 
specific energy is significantly less for same 
fineness levels. In pre-treated samples (thermal 
and microwave), micro-cracks were observed 
which does not significantly affect downstream 
operation i.e., magnetic separation. Thermal 
treatment followed by water quenching was 
found to be better for coarser sizes as compared 
to fine sizes. Finally, compression mode is found 
to be better as compared to ball mill with 
reference to finer particle size distribution at 
lower specific energy values.  
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Abstract: In the present study an attempt has been made for an effective utilization of lean grade non coking 
coal slacks through briquetting process. Organic binders along with biomass were used as a binder during 
briquetting of coal slacks. Briquettes were made by mechanical pressing of homogeneous mixture of coal slacks, 
biomass, organic binder and moisture. These briquettes were pyrolyzed in an inert environment at 300°C for 
different time and characterized for its properties. Effects of different percentage of organic binder and biomass 
on properties of briquette were carried out. It is interesting to note that the briquettes developed utilizing these 
binders qualifies all the desired properties such as density, CCS, drop strength, impact strength and water 
resistance required for the metallurgical application.  
 
Keywords: Coal slacks, Briquetting, Cold crushing strength, Impact resistance index. 
  
1. Introduction 
Coal is an important raw material utilized as 
sources of fuel and reductant in metallurgical 
industries[1]. High grade coking coal are 
preferred for metallurgical application especially 
in blast furnace operations, however, its 
availability is limited worldwide. This has 
encouraged alternative routes that can 
accommodate lean grade coal as fuel and 
reductant for extraction of iron from its ore. 
Process such as COREX iron making, direct 
reduced iron via Rotary Hearth and Rotary Kilns 
are some of the examples. The production, 
transportation and handling of lump lean grade 
coal inevitably lead to generation of fines. It’s 
been reported that millions tons of fines (<3mm) 
are being generated during mining[2,3]. These 
fines are often regarded as wastes because they 
fail to meet the required physico-chemical 
properties. Utilization of these fines will not only 
add value but also serve as a conservation of 
mineral resources and means of reducing 
environmental pollution. One of the wise ways to 
utilize this fine is to briquette/ pelletizes it to a 
suitable size range required for metallurgical 
process. Several efforts has been made in the 
past to produce briquettes from coal fines[1,2,4–6]. 
The briquettes thus produced have specific 
application and limited to use in low temperature 
metallurgical process. However, the 
conventional process for production of these 
briquettes that meets metallurgical requirements 
has not been well established. Tata steel is also 
looking for the solution to utilize the coal fines 
(<3mm) generated during processing of coal 
through a suitable briquetting technique [7].  
The development of briquettes utilizing 
bituminous coal and biomass such as rice husk, 
palm fibers and shell to reduce NOx and SOx 
released during combustion of coal fails due to 
low strength[2,8]. Therefore, the present study is 
focused on production of briquettes with good 
mechanical integrity from lean grade non coking 
coal slacks and pretreated biomass. 
2. Materials and methods 
The raw materials utilized in this study are 
Jhama coal slacks and biomass (Melina Wood-
Mw). The organic binders used in the present 
investigation are pitch, starch and molasses 
commercially available in the market. 
Pulverized biomass was subjected to 
torrefaction process at 260℃ for 60 minutes 
(min) in an inert atmosphere. Biochar obtained 
after torrefaction were pulverized and screen 
to a particle size below 36 mesh. The 
properties of raw biomass and biochar are 
given in Table 1. Coal slacks less than 3mm 
were air dried, pulverized and screened to 
obtain particle sizes below 36 mesh. The total 
binders content during briquetting were varied 
from 3 to 20% of total weight of briquette. The 
amount of moisture utilized to activate the binder 
was in the range of 8-10%. Coal fines (95 wt.%), 
biochar (5 wt. %) and binder were 
homogeneously mixed and water was added. 
Pitch (P) and molasses (M) were also blended 
and used as binder in different ratios, for 
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example blend-B1 comprises 5% pitch and 5% 
molasses (5P:5M) similarly different blends 
were made and named as B2, B3 and B4 for 
different % of pitch and molasses: (8P:7M), 
(10P:5M) and (5P:10M) respectively. 
Briquetting of 25g of the blends was carried out 
in a 25 mm internal diameter steel die in a 
hydraulic press with load of 2 tons. Briquettes 
were cured at room temperature and then in an 
inert environment at 300°C for 30-120 min in a 
muffle furnace. 
2.1 Characterization 
The cold crushing strength (CCS) and drop 
resistance of the briquettes were evaluated as per 
method often employed for blast furnace coke[9–
12]. During drop resistance test, 3 briquette 
samples were dropped from a stagnant height of 
2m until it shatters. The number of drops / 2m 
was adopted to evaluate drop resistance. From 
the drop test, impact resistance index (IRI) was 
calculated using Eq.1.  
IRI =
100× Average number of drops/2m
Average number of pieces
 (1) 
 
Water resistance was carried out based on the 
modified method[13]. The proximate, ultimate 
and gross calorific value was estimated as per 
ASTM standards. 
 
Table 1 Ultimate and proximate analysis of raw 
materials 
 
Raw materials Mw Biochar Coal Pitch 
Proximate analysis (wt. %, dry basis) 
Moisture 7.52 2.68 1.37 0.18 
Volatile Mat. 81.42 54.07 13.77 73.99 
Ash 2.15 2.17 17.94 0.95 
Fixed Carbon 8.92 41.08 66.92 24.88 
Ultimate analysis (wt.% dry basis) 
C 47.09 66.05 73.43 89.17 
H 6.65 5.18 2.51 7.43 
N 0.38 0.3 1.31 0.3 
S 0.19 0.2 0.71 0.5 
O 45.69 28.27 22.04 2.6 
GCV(MJ/kg) 18.39 23.45 23.13 39.73 
 
3. Results and Discussion 
3.1 Density   
The bulk densities of green briquettes (GB) are 
in the range of 1.30-1.56g/cm3 for all binders 
including blend of pitch (P) and molasses (M) as 
shown in Fig 1. The bulk density of briquettes 
was reduced to a range of 1.18- 1.32g/cm3 after 
curing due to loss of moisture and low 
temperature volatiles. Increase in the curing time 
from 30 to 120 min causes a decline in density 
due to higher moisture loss and mild 
devolatization which led to higher shrinkage. 
However, the density (1.18-1.32 g/cm3) of the 
briquette developed is higher than the blast 
furnace coke (0.87 g/cm3) as reported by Mori et 
al.[15]. The range is a reminiscent of formed coke 
produced from Victorian brown coal by Mollah 
et al.[4].  
 
 
 
Figure 1 Density of green and cured briquettes at 
300°C with different holding time 
 
3.2 Cold crushing strength 
The cold crushing strength (CCS) of the 
briquette cured at 300°C for different curing time 
and percentage of binder is given in Fig. 2. 
Increase in binder content with 5% biochar 
addition leads to an improved CCS of the 
briquettes. It is observed that the CCS of pitch-
bonded briquettes increases with an increase of 
curing time whereas CCS of the molasses-
bonded decreases. Starch binder gives the lowest 
CCS under all curing time and its content. 
Molasses-bonded briquettes yielded the highest 
CCS even at 10%. The interaction of biochar and 
molasses favored the CCS of the briquettes. It is 
also observed that briquette made with 5% pitch 
and 10% molasses yielded very good CCS 
compared to others. It is very interesting to note 
that all the briquettes produced in this study 
surpasses the benchmark of 350kPa CCS as per 
the requirement of an industrial application[12,14]. 
Briquettes produced from 10-20% molasses, B2 
and B4 has higher CCS than the lower end (6.9 
MPa) of the mechanical strength of conventional 
coke. The CCS of the present briquettes are 
higher in all aspects compared to the CSS of the 
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
3 5
1
0
1
5
2
0 3 5
1
0
1
5
2
0 3 5
1
0
1
5
2
0
B
1
B
2
B
3
B
4
Pitch Molasses Starch Blended
D
e
n
si
ty
 (
g
/c
m
3
)
Binder variations (%)
G.B
30min
60min
120min
297 
 
briquettes produced from raw biomass and coal 
(847.50 kPa)[2] as reported. This is due to release 
of lignin tar in biochar which enhances bonding 
strength of coal slacks along with other binders. 
 
 
 
Figure 2 Cold crushing strength of briquettes cured 
at 300°C for different holding time 
 
3.3 Drop resistance and Impact resistance 
 
The impact resistance index (IRI) and drop 
resistance are intertwined into each other as 
observed in the pattern on Figs. 3 and 4. The 
drop to fracture (times/2m) of pitch-bonded 
briquettes were higher than molasses-bonded and 
starch-bonded briquettes. High CCS for pitch, 
molasses and starch bonded briquettes implied 
high IRI, however, the CCS and IRI of pitch and 
molasses bonded briquettes are not comparable. 
Molasses-bonded briquettes have higher CCS 
compared with pitch-bonded; however, the drop 
to fracture and IRI of pitch bonded briquettes are 
much higher than that of molasses. The drop to 
fracture of pitch-bonded briquettes is higher than 
the molasses. The drop to fracture of pitch-
molasses bonded briquettes were more than 100 
(time/2m) compared to the briquettes produced 
from high volatile coal using 13% pitch-2% 
molasses for COREX iron making process[1]. 
This indicates that briquettes developed from the 
present study are suitable for COREX iron 
making and rotary hearth furnace. Based on the 
IRI as reported [16, 17] the briquettes produced in 
the present study have better mechanical 
integrity. Both CCS and IRI of the pitch-
molasses bonded briquettes had more than 
6.9MPa and 50 respectively which is required 
benchmark for an industrial application. It 
reveals that the pitch-molasses blend along with 
biochar improves the physical properties of coal 
slack briquettes. 
 
 
 
Figure 3 Drop to fracture (times/2m) of the briquettes 
cured at 300°C for different holding time 
 
3.4 Water resistance 
 
The resistance of water absorption of the 
briquettes was carried out to visualize its 
industrial acceptability. It was observed that the 
pitch-bonded briquettes (10-15%) has more than 
95% water resistance index (WRI as shown in 
Fig.5) against the benchmark[12]. Briquettes 
containing 3-10% molasses failed to reach this 
benchmark, however the increase in molasses up 
to 15-20%, the briquettes surpassed required 
bench mark of 95%. Starch-bonded briquettes 
generally failed (75-90%) to meet this 
requirement under all curing conditions.  
The pitch-molasses bonded briquettes surpassed 
the benchmark as shown in Fig. 5. The WRI 
results obtained in this study are higher than the 
highest value of 90% reported by Zarringhalam-
Moghaddam et al.[2] for coal-biomass briquettes. 
It was observed that the bonding strength of the 
briquettes is responsible for its water resistance 
or repelling property.  
 
 
 
Figure 4 IRI of the briquettes cured at 300°C for 
different holding time 
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Figure 5 WRI of the briquettes cured at 300°C for 
different holding time 
 
3.5 Proximate, ultimate and calorific value 
of briquettes 
 
Table 2 represents the influence of binder 
composition on properties of the briquettes. The 
briquettes properties were similar to that of raw 
coal slacks with some minor improvement in 
carbon content and about 8% addition to the 
calorific value.  
 
Table 2 Proximate, ultimate and calorific value of 
selected briquette samples cured at 300℃ for 120min 
 
Sample B2 B4 
Proximate analysis (wt. %,  dry basis) 
Moisture  1.58 1.61 
Volatile Matter 13.48 13.30 
Ash 18.06 18.04 
Fixed Carbon 66.88 67.03 
Ultimate analysis (wt.%, dry basis) 
C 75.25 75.34 
H 2.15 2.16 
N 0.89 0.92 
S 0.73 0.73 
O 18.16 18.10 
GCV(MJ/kg) 25.14 24.96 
 
4. Conclusion 
The influence of different binder on briquetting 
of coal slacks and biochar has been carried out. 
Briquettes produced from single binder satisfies 
CCS, drop to fracture, IRI, and WRI at 15-20%. 
However, briquettes produced from coal slacks, 
biochar and pitch-molasses blend (15%) are 
better with IRI of 6300, CCS of 9MPa, drop to 
fracture more than 100(times/2m) and 99%WRI. 
The proximate, ultimate and calorific values of 
the briquettes did not deteriorate compare to the 
original coal slacks. The coal slacks-biochar 
briquettes satisfactorily meet required physical 
properties for utilizing as a fuel as well as a 
reductant in metallurgical applications.  
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REDUCING THE STANDARD DEVIATION OF %FeO IN PRODUCT 
SINTER 
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Abstract: Sinter is one of the Iron bearing raw material in blast furnace for producing hot metal in addition to lump 
Iron ore in JSW Salem. FeO% is an indicator of the thermal state of the Sintering process and is employed as a 
quality control tool. Currently standard deviation of FeO% in Sinter is 0.52. Reducing the Standard Deviation of 
FeO% improved the consistency of Sinter quality. Maintaining consistent FeO% in Sinter will minimize the 
variation in Solid fuel consumption. This paper explains the project work undertaken to reduce the standard 
deviation of FeO% from the current level of 0.52. Through Design of Experiments (DoE) approach, the significant 
factors like Ignition furnace temperature, Burn Through Point temperature (BTP), etc. were optimized to achieve the 
desired consistent level of FeO%. Implementing the above identified actions, achieved standard deviation of Sinter 
FeO% 0.39.   
Keywords: Iron ore Sinter making, FeO%, Standard deviation, Design of Experiments. 
1. Introduction 
Sinter is one of the Iron bearing raw material in 
blast furnace for producing hot metal in place of 
lump Iron ore. Sinter is produced through 
agglomeration process in which the Iron ore fines 
are converted into a porous mass along with flux 
materials [1]. JSW Steel, Salem Works has two 
Sinter Plants with capacity of 20 m2and 90 
m2Sintering area. Sinter usage in Blast Furnace 
reduces fuel consumption and increases hot metal 
productivity. 
2. Sinter FeO% 
The FeO content is an important quality control 
parameter in the sinter plant. When the chemical 
composition of an ore mix is fixed, FeO can 
provide an indication of coke rate. However, a 
higher FeO content negatively affects reducibility. 
It is important to find an optimum FeO content in 
order to improve the reduction degradation index 
without altering other sinter properties [2].  In the 
plant, FeO% in sinter is in the range of 9-11%. 
Standard deviation of FeO% is calculated to 
analyze the variation within the limit. Standard 
deviation of FeO% in Sinter is 0.52. Reducing the 
Standard Deviation of FeO% will improve the 
consistency of Sinter quality. 
3. Analysis 
Ignition furnace temperature, crushing fineness of 
fuel and Burn through point temperatureare the 
major operating parameters which is affecting the 
variation of FeO% in Sinter. 
3.1 Ignition furnace temperature 
The Ignition of charge exerts considerable 
influence on the whole sintering process. High 
temperature in the combustion zone of the top 
layer could be achieved only at particular intensity 
of ignition, which depends upon ignition 
temperature[3]. Improper ignition leads to 
slowdown the sintering process which results 
variation of FeO% in the sinter bed. Excess 
ignition causes decrease in bed permeability and 
the metallurgical properties of the sinter. 
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Figure 1 I-chart of ignition furnace temperature 
 
Ignition furnace operating temperature range is 
1050±100°C as per specification. From the control 
chart Fig 1.T he operating temperature range varies 
from 990 to 1070°C. Even though within the 
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specification limit from scatter plot found that R 
square value 0.6 which shows significant 
relationship between standard deviation of Sinter 
FeO% and Ignition furnace temperature in Fig 2.  
 
 
 
Figure 2 Scatter plot of ignition furnace temperature  
 
 
Figure 3-Heterogeneous distribution of solid fuel 
 
Figure 4-Homogeneous distribution of solid fuel 
 
3.2 Crushing fineness of solid fuel 
Solid fuel is the major source of energy in the iron 
ore sintering process and particle size distribution 
has a crucial influence of the sintering 
productivity. The coarse particle in the sintering 
mixture result in a heterogeneous thermal profile 
along the charge bed as shown in Fig 3. Higher 
temperature near the coarse particles might 
produce an undesired amount of molten phases, 
which will further decrease the bed diffusivity and 
permeability. The very fine particle in the 
sSintering mixture results too rapid combustion in 
a thin flame front layer, which reduces the 
productivity of Sintering [4]. Homogeneous thermal 
profile as shown in Fig 4 .is most suitable for 
sintering process. 
 
Figure 5 Scatter plot of crushing fineness of fuel 
 
Fuel crushing done for size reduction of fuel to the 
most preferable size of <3.35mm [5]. Crushing 
fineness indicates the percentage of material 
<3.35mm size after crushing. Fuel crushing circuit 
is open circuit in the Sinter plant and the solid fuel 
crushing fineness target is 80%. Crushing fineness 
of fuel is compared to Standard deviation of 
FeO%. From the scatter plot, we found that R 
square value 0.7 which shows significant 
relationship between Sinter FeO% and crushing 
fineness of solid fuel in Fig 5. 
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Figure 6 I-chart of BTP temperature 
 
3.3 Burn through point temperature 
Burn through point temperature indicates 
completion of Sintering process. The Sintering 
process needs to be carefully adjusted, so that the 
flame front reaches the bottom of the bed, known 
as the burn-through point. The BTP must be near a 
desirable set-point at approximately the discharge 
end, so that adequate fusion of sintering materials 
occurs [6].Higher BTP indicates more combustion 
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of Sinter bed, Lower BTP indicates insufficient 
combustion of Sinter bed. 
 BTP temperature range is 350±75°C as per 
specification. From the control chart Fig 6 we 
could know that operating temperature range was 
from 290 to 380°C. Even though within the 
specification limit from scatter plot we found that 
R square value is 0.67 which shows significant 
relationship between Standard deviation of Sinter 
FeO% and BTP temperature Fig 7. 
 
 
Figure 7 Scatter plot of BTP Temperature 
 
Table 1 Experiment Layout 
 
EX.No 
A B C 
Ignition 
Furnace 
Temperature 
(ºC) 
Crushing 
Fineness 
of Fuel 
(%) 
Burn 
Through 
Point 
Temperature 
(ºC) 
1 980±30 80 300±25 
2 1040±30 80 300±25 
3 980±30 82 300±25 
4 1040±30 82 300±25 
5 980±30 80 350±25 
6 1040±30 80 350±25 
7 980±30 82 350±25 
8 1040±30 82 350±25 
 
4. Experimental 
In these three factors try to determine the optimum 
operating range and decided to conduct experiment 
in different combinations through Design of 
Experiment (DOE). Two level experimentation 
trials with the following conditions:  
 
 Ignition furnace temperature at Level 
1(980±30) and Level 2(1040±30ºC) 
 Crushing fineness of solid fuel at Level 
1(80%) and Level 2(82% minimum). 
 Burn Through Point temperature at            
Level 1(300±25) and Level 2(350±25ºC). 
Based on the Orthogonal Array table (Taguchi 
method), we have designed the experimentation 
layout as shown in Table 1, each experiments 
conducted for three days. That three days FeO% 
standard deviation taken as trail results shown in 
Table 2 for the ANOVA calculation. 
 
Table 2 Experiment results 
 
Experiment 
Number 
Results (Standard deviation of 
FeO%) 
1 2 3 
1 0.61 0.51 0.61 
2 0.49 0.48 0.43 
3 0.32 0.32 0.45 
4 0.15 0.19 0.33 
5 0.39 0.40 0.50 
6 0.51 0.30 0.31 
7 0.27 0.30 0.11 
8 0.15 0.13 0.23 
 
Validation of the conducted experiments through 
DoE was done using ANOVA calculation. The 
total % of contribution from the significant factors 
and interactions should be more than 75%. Else, 
the factor/ level selection is not adequate. 
 
Table 3 ANOVA table 
 
ANOVA TABLE 
Source of 
Variation 
FCAL FTAB 
Significant? 
(FCAL>FTAB) 
% of 
contribution 
B 9.17 4.451 Yes 9.8 
A 50.62 4.451 Yes 54.7 
C 12.59 4.451 Yes 13.6 
B*A 4.42 4.451 No - 
B*C 14.48 4.451 Yes 15.6 
A*C 0.18 4.451 No - 
TOTAL -   93.69 
 
Total Percentage of contribution of factors from 
the ANOVA calculation table 3 is 93.69%, which 
is more than 75%. So that selected factors are 
significant and the conducted experimentation is 
valid.Hence the optimum combination of 
significant factors to be identified for the better 
results. 
 
 
 
302 
 
5. Results and Discussions 
Lower Standard deviation is beneficial for the 
process. Level 2 having lower standard deviation 
for all three factors as shown in Table 4.  
►Ignition Furnace Temperature range 
= 1040±30ºC 
►Crushing Fineness of Fuel                
=   82% 
►Burn Through Point Temperature Range                          
= 350±25ºC 
Table 4 Result of optimum combination 
 
Target <0.45 
Factors/ 
Levels 
Ignition 
Furnace 
Temperature 
(ºC) 
Crushing 
Fineness 
of Fuel 
(%) 
Burn 
Through 
Point 
Temperature 
(ºC) 
Level 1 0.40 0.46 0.41 
Level 2 0.31 0.25 0.30 
 
Strategies followed to implement the actions and 
maintain the process parameters are: 
 Adjust the combustion air flow based on the BF 
gas flow to maintain the ignition furnace 
temperature range. 
 Maintaining the roll shell gap and roll shell 
condition as per the prepared checklist to 
maintain the crushing fineness of fuel above 
82% 
 Adjusting the Sinter machine speed to maintain 
the Burn through point temperature at the 
desired range. 
0.63
0.55
0.45
0.39
0.330.330.340.33
0.32
0.370.360.370.350.33
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Ju
n
-1
6
Ju
l-
1
6
A
u
g
-1
6
S
ep
-1
6
O
ct
-1
6
N
o
v
-1
6
D
ec
-1
6
Ja
n
-1
7
F
eb
-1
7
M
ar
-1
7
A
p
r-
1
7
M
ay
-1
7
Ju
n
-1
7
Ju
l-
1
7S
ta
n
d
ar
d
 D
ev
ia
ti
o
n
  
o
f 
F
eO
%
Month
Standard deviation of FeO% in Sinter
Standard deviation Target
Figure 8 Standard deviation of FeO% in Sinter 
When operating above process parameter in this 
range for regular operation period, reduced the 
standard deviation of sinter FeO% as shown Fig 8. 
6. Benefits 
Minimizing the standard deviation of FeO%, 
reduces the frequent adjustment of Solid fuel 
consumption in the Sinter plant. Such that standard 
deviation of solid fuel consumption is minimized 
from 2.72 to 1.8. It facilitates to minimize the solid 
fuel consumption around 2 Kg/Ton of Sinter. 
7. Conclusion 
Standard deviation of FeO% in product sinter is 
reducedbelow 0.45. It facilitates to minimize the 
quality variation in product Sinter and also 
minimizes the changes in internal solid fuel 
consumption. 
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Abstract: JSW Non-recovery coke oven plants have encountered many problems during the last ten years that 
includes international coal price increase, process inefficiency, oven aging and consistent quality demand from 
internal customer. The challenges at JSW Steel, Salem have been addressed by developing various in-house 
innovative methods and techniques. Usage of 22% PCI in coal blend resulted in cost reduction. An innovative 
Refractory diagnosis methodology, using an insulated cage for online repair of damaged silica brick oven was 
also helpful. Sacrificial layer of waste fly ash on coal cake to minimize burning loss could result in improved 
coke yield. Utilization of waste flue gas heat in Coke Dryer bunker reduced coke moisture from 5.0 % to 2.0% 
level that resulted in improved coke quality. In a first time effort in Indian non recovery plant, an online ceramic 
welding technology for life extension could be implemented. Some d case studies are described in this paper. 
 
Keywords: PCI coal, Ceramic welding, Coke oven repair, Insulated cage, Waste Flue Gas. 
 
1. Introduction 
JSW Steel Limited (JSWSL), Salem Works, is 
an integrated steel plant, which operates a coke 
oven plant, produces 0.5 MTPA (Million Tons 
Per Annum) of metallurgical coke through three 
non-recovery batteries comprising 120 coke 
ovens. JSWSL also operates two blast furnaces 
with a combined production capacity of 
1.0MTPA of hot metal. The metallurgical coke 
produced is used as a fuel as well as reductant in 
blast furnaces. Coke is manufactured by heating 
of the coal blend in absence or controlled air 
inside the refractory lined oven at temperature of 
1250 to 1300°C for about 68 to 72 hours coking 
time. During the carbonization process all VM 
(Volatile Matter) present in the coal burnt and 
produce heat. The remnant solid mass after 
carbonization is called coke, which is pushed out 
and quenched with water, segregated in to 
various size fraction for BF use.  
2. Optimization of PCI coal usage in coke 
making for cost control 
The availability, quality and price of coking 
coal are key challenges to keep cost 
competiveness in Iron & Steel Industry. 
Production of high quality coke from inferior 
non coking coal in large quantity is a 
challenge to JSW Salem plant. This led to a 
thought process and study of suitable PCI coal 
usage from 15% to above 20 % without any 
compromise on coke quality. The important 
aspect was to add more Pulverized Coal 
Injection (PCI) coal (generally used in blast 
furnace for coal injection) for coke making 
process as its price is lower by 30-40% when 
compared to hard coking coal price in the 
international market. “PCI “coal does not exhibit 
transformation towards swell or shrinkage as 
coking coal. 
2.1 Experimental trial 
To assess the potential of optimum usage of low 
cost PCI coal and its impact on coke quality, 
further experiments were conducted with Proto 
type MS steel Box test (size 300mm x 
300mm x 300 with 20kg of sample blended 
coal) (Figure 1),  
 
 
 
 
 
 
 
 
 
 
Figure 1 Sample box  
 
One with u s i n g  concrete mixer and second 
without mixer for the same blend, and a sample 
test result for 20% PCI usage is obtained shown 
below. 
Outcome of Box1 (without mixing): Coke 
analysis: CSR* 65.12%, CRI# 24.0%. Outcome 
o f  B ox 2 ( Mixing with Concrete Mixer 
machine): Coke analysis:  CSR 65.68%, CRI 
23.5%. Further box tests were carried out to 
understand optimum threshold limit of PCI usage 
in blend without affecting the coke quality.  
Test with 22% 23 %, 24% 25 % PCI result 
found CSR/CRI (CSR: Coke Strength after 
300 mm 30
0 
m
m 
30
0 
m
m 
20kg 
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reaction and CRI: Coke reactivity index) value 
is 65.3/24.0, 64.0/25.5, 62.0/28.0, 58.0/32.0 
respectively. It would be possible and has a 
potential to use maximum 22 % to produce good 
quality of CSR and CRI with mixer blender or 
any rotational device. Then it was decided to 
implement in commercial coke oven. 
2.2Development of coal mixer 
Based on above experiment and results, an in-
house innovative coal blender/mixer device is 
developed by the author for homogeneous & 
u n i fo r m mixing of different types coal 
particles, which is fixed in two conveyor chutes 
(Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Coal mixer device 
 
 As shown in picture, first in-house SS 
(Stainless steel) blade mixer was fabricated 
and installed in conveyor chute. 
 Second mixer with SS blade was installed in 
another conveyor chute. 
 It is a simple and effective mixer which 
rotates itself on both ends by impact of falling 
coal. 
 It is fixed in pre and post crushing coal 
conveyor belts for better results. 
2.3 Development of online Hot Oven Repair 
Methodology to enhance Battery life. 
The challenge was to restore the oven condition 
without losing production. It was overcome by 
online repair through a specially in-house 
designed insulated cage. The damaged silica 
brick of intake hole was replaced with High 
alumina bricks initially and later by zero 
expansion bricks. During repair, oven 
temperature maintained around 800°C and the 
repair process completed within a short span of 2 
Hrs. without affecting other ovens production. 
2.3.1 Strategies for hot repair methodology 
In-house insulated cage 7mtr x 3.4mtr x 1.4mtr 
was made and covered with 4 layers of ceramic 
blanket for safe working environment. (Figure 3) 
 
a) Special heat proof safety PPE’s (Personal 
Protective Equipment’s) were used for additional 
safety of manpower. (Figure 4) 
b) CO gas analysis, wall & cage inside 
temperature was continuously monitored for 
both oven’s as well as manpower’s healthiness.  
c) Online & hot repair activity was successfully 
executed in oven no: 85 within 3hours (Figure 
5). 
d) Additionally, unique online ceramic welding 
technology for extension of life & stabilization 
of silica brick inside the ovens performed first 
time in Indian non recovery plant. 
 
 
 
 
 
 
 
 
 
Figure 3 Insulated cage 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Online Hot repair 
 
] 
] 
 
 
 
 
 
Figure 5 Intake hole Before & After 
2.4 Reduction in coke Moisture by Utilizing 
waste flue gas for coke quality improvement 
The coke was being produced at 5.5 to 6 % 
moisture level. The Coke oven endeavors to 
maintain the coke moisture content as low as 
possible to facilitate the Blast Furnace to operate 
at improved efficiency of fuel rate. 
An innovative & novel idea emerged that 
utilization of the sensible heat of the hot waste 
flue gases generated in the coke oven process 
which was partly being let out through the 
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chimney can be utilized for drying the moisture 
in coke. The successful installation of 75 TPH 
(Tones per Hours) Coke Drying units with safety 
features is unique and first time in Indian steel 
industry (Figure 6).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Coke dryer concept 
It has revealed that there is 3.0 % reduction in 
coke moisture. It is known that every 1% 
moisture reduction in Coke saves ~ 3.5 kg of 
Coke per ton of hot metal at Blast Furnace. And 
there no environmental impact of SO2 & CO gas 
in hot flue gas used to dry the coke (Figure 7). 
 
 
 
 
 
 
 
 
 
 
Figure 7 Coke moisture analysis Inlet VS Outlet 
 
2.5 Barrier layer over stamped coal cake to 
reduce burning loss and improve gross yield  
 
An innovative idea to address the problem, by 
covering the top layer with a sacrificing layer 
was developed which can shield the top coal 
cake surface from being over-exposed to higher 
oxidation, while at the same time does not hinder 
the coking process. For this experiment various 
trials were undertaken with different material 
such as straw, rice husk, sand, slag granules and 
captive Power Plant Fly ash. The experiments 
led to exuberant results. There was significant 
increase in the Gross coke yield from a level of < 
70% to a level of > 71% (Figure 8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Gross Coke Yield 
The Fly ash generated from Captive Power Plant 
was found to be best suited with respect to its 
procurement cost, environment friendliness and 
most importantly the capacity to handle the high 
temperature as per the coking process 
requirements. Further, it is the waste being 
generated in the plant and its gainful usage for 
such innovative operation was advantageously 
adopted.  
The thickness of the superficial layer was also 
finalized by trial & error method and settled at 
around 10-15mm thick. The fly ash barrier 
sacrificing superficial layer fuses and forms a 
layer over coal cake and restrict the direct 
contact of coal to the high temperature and 
ingresses air. The result is lower burning loss 
and improvement in coke yield (Figure 9 & 10) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 Coal cake without Fly Ash & with Fly Ash 
 
 
 
 
 
 
 
 
 
Figure 10 Top Layer Ash Before & After 
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3. Conclusions 
From the present work, the following general 
conclusions can be drawn: 
1. It has been possible to produce goo d  coke  
quality in stamp charged batteries with optimum 
level of 78 % Coking coal and 22 % PCI coal 
with in prescribed coking time 68 to 69 Hrs. 
There is a stability in fuel rate despite of 
increased PCI ratio in coke making and cost 
saving to company. 
2. A new window is opened towards in-house 
restoration of problematic ovens with confidence 
to meet future requirement. Significant cost 
saving was achieved by eliminating high repair 
cost and production loss. 
3. The Coke dryer unit has gained 3.0 to 3.5 % of 
coke moisture reduction consistently which 
resulted in significant improvement in fuel rate 
at the Blast furnaces and financial benefits to the 
company. 
4. Fly ash from Captive power plant which was 
an industrial waste is being gainfully utilized and 
thereby supports Environment. 
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Abstract: In iron and steel industry, flue dust is the major excreta produced by blast furnace operations. This flue 
dust is enriched with valuable iron oxide. The immediate re-use of flue dust will strongly impact the performance of 
blast furnace, as it is chemically compounded with alkali metals, zinc and chloride.The volatiles form a closed 
circuit in the blast furnace, whereas the chloride affects the performance in sinter plant.In JSW Salem works, the 
blast furnace operation creates 25000 tons of flue dust per annum. Hence an indulge study is carried out to remove 
the alkali metals, zinc oxide and chloride by chemical processing techniques such as grinding and leaching 
treatments. The study brings out positive prospectus, where the flue dust with 68 % pure iron oxide can be obtained 
and it is feasible to eliminate Zn and chloride content completely. Also, among alkali metals, only sodium can be 
removed and potassium cannot beremoved. Further chemical processing study is in progress to remove potassium 
and thereby increasing the purity level of re-covered flue dust. 
 
Keywords: Flue dust, Alkali, chemical processing, purity 
 
1. Introduction 
Blast furnace flue dust is one among the major 
wastes produced by iron and steel industry which 
can be re-used. The flue dust which is expelled 
from the top of blast furnace is a mixture of oxides 
and its major components are iron oxides and coke 
fines. Iron presents in the form of oxides such 
asmagnetite (Fe3O4), hematite (Fe2O3), wastage 
(FeO) and also as alpha –iron (α-Fe) [1]. But these 
iron oxides and alpha iron are mixed with other 
unwanted materials. They are present in the form 
of oxides along with silicon, calcium, magnesium, 
zinc, alkali metals and other minor elements. 
Generally, it is possible to recover some valuable 
minerals by physical or chemical processing 
techniques such as crushing, grinding, 
classification, magnetic separation, floatation, 
roasting etc.[2]. Hence an extensive study is 
performed to separate these materials. 
When the raw material enters theblast furnace, 
alkalis present in the charge material affects 
furnace’s performance in various ways. It 
decreases the hot strength of the coke, weakens the 
refractory lining, facilitates the formation of slag 
crusts in the furnace, scaffolds and causestuyere 
burns. Ultimately, these effectsresult in increase of 
fuel consumption and reduce the productivity of 
the furnace. Also, due to the presence of alkali 
content in the raw material, the excess coke 
consumption maybe as high as 33 kg for each 
additional kilogram of these compounds [3]. In 
addition, presence of chloride impacts the 
productivity of sinter plant. In few cases, the flue 
dust may also contain toxic elements (Cd, Cr, Pb 
and As), which makes even the landfill, harmful to 
the soil [4]. Further, the landfill uses up the empty 
space which is more valuable in present world. 
Thus the reprocess of flue dust endorses waste 
utilization by bringing up social and economic 
benefits and by reducing pollution.  
2. Impact of alkali and chloride content 
Alkali enters the furnace along with raw materials 
in the form of silicate oxides, carbonates, halides 
and as part of gangue in iron sinter together with 
limestone and coke. Some alkali is absorbed by the 
refractories while remaining leaves the furnaces 
via slag or as suspended fines along with top gas. 
Such absorbed alkalis like alkali oxides, halides 
and silicates are reduced into alkali metal vapour 
by carbon in the high temperature zone which 
prevails in bosh and hearth section[5]. 
2Na2SiO3          1500 °C        4Na (g) +4 K (g) 
2K2SiO3            1700 °C     +4SiO2 + 2CO    (1) 
 
ZnO(g) + [C]                Zn (g) + CO (g)            (2) 
 
The reduced alkali travels through the stack as a 
vapour. The temperature of the vapour gradually 
decreases when it reachesthe upper zone of the 
furnace. Thereby, it naturally reacts with CO and 
+2C 
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gets converted into their respective metallic oxides 
back again. This results in the formation of fine 
solid particles of alkali oxides[6]. 
 
2Na (g)  
2 K (g)   
 
Zn (g) + H2O + CO2                 ZnO + H2 + CO    (4) 
 
Consequently, the formed fine particles stick 
against the colder portions of walls which cause a 
build-up of scabs and accretions along the walls. 
Because of this gradual gathering, the uniform 
distribution of gasesis affected and cultivates an 
adverse effect in thermodynamic equilibrium of 
blast furnace process. This may lead to collapse of 
tuyeres and excess coke consumption in order to 
reduce the alkali accumulated in the furnace. 
Further, few Na2O and K2O particles getsattached 
to the iron ore cold lumps and this lumps travel 
downwards again into the high temperature zone 
where the lumpsreact with alkali oxide vapours 
resulting in formation of compounds such as 
(K2O)2 Fe2O3, (K2O)4 Fe2O3 and 
K2FeO2.Respective compounds are formed for 
sodium as well. The reaction of K2O with the iron 
oxides causes the lumps to swell and decrepitate as 
they are reduced by carbon monoxide. Also, the 
reaction lowers the melting temperature of the 
lumps which causes a loss in permeability 
followedby hanging and channelling 
complications. 
As the burden materials travels down to the hot 
zone of the furnace, the alkali compounds are 
reducedand vaporised.The same cycle is repeated 
again and again. Because of this repetition, the 
amount of alkali contained in the furnace continues 
to increase until it reaches such a proportion that it 
can significantly alter the physical structure of the 
burden and leads to a very poor and inefficient 
operation. 
Like alkali, the presence of chloride affects the 
productivity of sinter plant. It decreases the 
performance of Electro static precipitator. It also 
increases the suctional pressure of sinter pallet 
machine due to choking of chloride in grade bars.  
Thus in order to utilize the flue dust effectively, it 
is significant to get rid of its alkali and chloride 
content. Therefore, the present paper evaluates the 
possibility of removal of alkali and chloride with 
minimum iron loss by leaching technique; by this 
way, it could be recycled in sinter making facility 
available in-house and the sinter that produced 
could be used in JSWSL blast furnace. 
3. Experimental work 
Sequential X-Ray Fluorescence Spectrometer 
(XRF) was used for the chemical analysis of flue 
dust. All the chemicals used in this study were of 
analytical reagent grade and distilled water used 
for the preparation of solutions. Flue dust sample 
collected from blast furnace was homogenized, 
dried in air oven at 110 ± 2oC and preserved for 
further experiments. The leaching apparatus 
consists of a glass vessel 1000 ml capacity having 
provision for glass stirrer. Leaching experiments 
were carried out with 500 ml of 10 % 
concentration of leachant and a constant weight of 
20g flue dust is taken. The reaction temperature 
and pressure are kept at room temperature and 
atmospheric pressure respectively. The process is 
carried out for 150 min and after which the flue 
dust is collected, washed well with distilled water 
and made to dry. The dried sample used for 
various analyses. 
 
 
 
Figure 1 Schematic View of Leaching Apparatus 
4. Result and Discussion 
In order to determine the presence of various 
inorganic components, flue dust is analysed using 
x-ray fluorescence spectrometer. Table 1 shows 
the presence of various elements in flue dust in the 
form of oxides. Leaching experiments were carried 
out with uniform concentration of various 
leachants such as 0.5M HCL ,0.5M H2SO4, 0.5M 
CH3COOH, 0.5M HNO3 to determine their 
efficiency in the removal of alkali and chloride in 
flue dust. And it is observed that the leachants 
differed significantly in their efficiencies of alkali 
and chloride removal. Besides, a part of valuable 
Na2O + K2O + C       (3) + CO 
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iron is also being removed during the leaching 
process and hence, choice of leachants should be 
done by consideringiron recovery as well.  
 
Table 1 Chemical analysis of flue dust by XRF 
Parameter Flue dust % 
LOI 9.01 
Fe2O3 70.72 
SiO2 6.44 
Al2O3 4.44 
CaO 3.05 
MgO 2.01 
MnO 0.68 
TiO2 0.24 
P2O5 0.17 
Na2O 0.34 
K2O 0.17 
 
Table 2 Leaching efficiency of various leachants 
 
Leachant 
Removal   Percentage 
%Na %Zn %Cl %K 
0.5M HCL 76.18 76.81 96.96 40.59 
0.5M CH3COOH  86.47 78.26 92.41 11.76 
0.5M HNO3 50.00 55.07 27.85 42.35 
0.5M H2SO4 73.82 73.91 95.82 82.35 
 
 
 
Figure 2 Removal of Fe2O3 Percentage 
From the Table 2 and Figure 2, it is obvious that 
among all leachants, the acetic acid, which is a 
weak organic acid, acts as best removal agent as it 
removes other alkali content and sustains Fe2O3 
significantly. However, as per stoichiometric 
balance equation, nearly 0.1M leachant is enough, 
but considering the following viz.,  
(i) Reaction Kinetics is directly proportional to 
concentration and  
(ii) For deep penetration into raw material, more 
acid is required, 
we have used 0.5M leachant. In addition, these 
results are arrived only from lab scale study and 
properties like varying stirrer agitation, agitation 
time, temperature and pressure are not considered. 
Hence, we have further scope to get even better 
results if we include all these parameters in our 
research. In all the leaching experiment potassium 
is not removed because, potassium normally exists 
in the raw materials in the form of aluminium 
silicates. These are stable compounds and no 
chemical reaction takes place until an extreme 
reducing condition is reached. Such condition 
prevails only in the high temperature zone of blast 
furnace near the tuyere section where the 
potassium is eliminated from the furnace in the 
form of non- decomposed silicates[7]. 
5. Conclusions 
The following inferences can be made from the 
study: 
1. Among the various leachants used, acetic acid 
found to be a better leachant as the maximum 
extraction of alkali and chloride is achieved.  
2. Potassium is not removed because of its 
complex nature of association with other elements.  
3. Nearly 80% of alkali and 100% of chloride 
removed by these leaching experiments. 
4. Further research is in progress to find out the 
feasibility of utilization of flue dust for other 
applications, such as flux in cement making, brick 
making, etc.  
5. Studies underway out to remove 100 % alkali in 
flue dust by varying other parameters such as 
concentration, temperature and other mineral 
processing techniques. 
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Abstract: The usage of sponge iron is increasing day by day in the production of steel by electric arc furnace as well 
as induction furnace route due to the scarcity of coking coal. As a result in near future the production of steel by BF-
BOF route may reduce considerably. In order to comprehend the mechanism of sponge iron making in a rotary kiln, 
an attempt has been made to study the reduction kinetics of composite ore pellets made from low grade iron ore 
fines at higher temperatures ranging from 800 – 11000C with non – coking coal as reluctant. Further an attempt has 
also been made to study the reduction kinetics of simple pellets made from low grade iron ore fines using hydrogen 
gas-the eco-friendly effective reductant at lower temperatures ranging from 600-8000C.  
 
Keywords: Reduction kinetics, pellets, non-coking coal, hydrogen. 
 
1. Introduction 
Iron ore fines, which are produced as waste 
material, can be utilized in the form of pellets. 
These pellets can be reduced using non-coking 
coal as reductant for the production of sponge iron. 
As such Indian coal comprises of   about 85 % 
non-coking coal and   the remaining as coking coal 
with high ash content and low calorific 
value[1,2].The non-coking is being used for the 
production of sponge iron in rotary kilns, whereas 
coking coal in blast furnace operation for the 
production of liquid metal. Presently India is the 
largest producer of sponge iron in the entire world 
using non-coking coal as solid reductant. The 
direct reduction of iron ore with hydrogen could 
have technical advantage namely replacement of 
expensive metallurgical coke as reducing agent. 
The objective of present investigation is to study 
the mechanisms of sponge iron making from low 
grade iron ore. Towards this, attempt has been 
made to investigate reduction kinetics of (i) 
composite pellets with non-coking coal as 
reductant and (ii) simple pellets with hydrogen gas 
as reductant at lower temperatures. 
2. Reduction reactions 
2.1 Reduction of composite pellets by non-
coking coal  
The reduction of iron ore composite pellet by non-
coking coal is expressed via following reactions: 
 
(i) 3Fe2O3 + CO = 2Fe3O4 + CO2 
(ii) Fe3O4 + CO = 3FeO + CO2 
(iii) FeO + CO = Fe + CO2 
(iv) C + CO2 = 2CO     (solution loss 
reaction) 
In the case of composite pellet, carbon reacts with 
CO2 to form CO as reductant. The overall reaction 
of hematite reduction includes five solid phases 
namely hematite (H), magnetite (M), wustite (W), 
metallic Iron (Fe) and Carbon (C) as well as 
gaseous phase.  
2.2 Reduction of simple pellets by hydrogen gas 
The iron ore simple pellet can be reduced using   
hydrogen gas as reductant by indirect reduction as 
follows: 
(i) 3Fe2O3 + H2 = 2Fe3O4 +H2O 
(ii) Fe3O4 + H2 = 3FeO + H2O 
(iii) FeO + H2 = Fe + H2O 
In the case of simple   pellet, hydrogen gas reacts 
with oxides of iron to form H2O.The overall 
reaction of hematite reduction includes four solid 
phases namely hematite (H), magnetite (M), 
wustite (W) and metallic Iron (Fe) as well as 
gaseous phase. 
3.  Reduction Kinetics 
The kinetics of iron ore reduction deals with the 
rate at which iron oxides are converted to metallic 
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iron by the removal of oxygen. The reduction of 
iron oxides is heterogeneous involving solid and 
gaseous phases separated by an interface. 
3.1 Reduction kinetics in composite pellets  
 The transport of CO gas in composite pellet takes 
place in the following steps as shown in Fig. 1. 
(i)Adsorption of CO gas at the Fe-CO interface. 
(ii) Transport of CO gas from Fe-CO interface to 
Fe-Fe2O3 interface. 
(iii)Adsorption of CO gas at the Fe-Fe2O3 
interface. 
(iv)Chemical reaction between Fe2O3 and CO gas 
at Fe- Fe2O3 interface 
(v)Desorption of the product gas CO2 from Fe- 
Fe2O3 interface to Fe-CO interface. 
(vi)Transport of CO2 from Fe- Fe2O3 interface to 
Fe-CO interface. 
(vii)Diffusion of CO2 from Fe-CO interface to the 
bulk gas phase. 
(viii)Diffusion of tiny iron nuclei and merging into 
bigger nuclei. 
 
Figure 1 Schematic representation of gaseous reduction 
in simple /composite pellet of iron ore 
 
3.2 Reduction kinetics in simple pellets 
The transport of H2 gas in simple pellet takes place 
in the following steps as shown in Figure 1: 
(i)Adsorption of H2 gas at the Fe- H2 interface. 
(ii) Transport of H2 gas from Fe- H2 interface to 
Fe-Fe2O3 interface. 
(iii)Adsorption of H2gas at the Fe-Fe2O3 interface. 
(iv)Chemical reaction between Fe2O3 and H2 gas at 
Fe- Fe2O3 interface. 
(v)Desorption of the product gas H2O from Fe- 
Fe2O3 interface to Fe- H2 interface. 
(vi)Transport of H2O from Fe- Fe2O3 interface to 
Fe- H2 interface. 
(vii)Diffusion of H2O from Fe- H2 interface to the 
bulk gas phase. 
(viii)Diffusion of tiny iron nuclei and merging into 
bigger nuclei. 
3.3 Determination of rate controlling step 
The reduction of hematite ore to metallic iron 
proceeds through various kinetic steps and one of 
them is the slowest step, which controls the overall 
reaction rate. Generally the rate is “Chemically 
Controlled” or”Diffusion Controlled” as follows: 
(i) If the rate is chemically controlled, the 
mathematical model equation[3] is  
 -ln(1-α) = kt  
(ii)  If the rate is diffusion controlled, the 
mathematical model equation[4] is 
1-2/3 α– (1-α)2/3= kt. 
4. Experimental  
Low grade iron ore had 61.71% Fe2O3, 16.20% 
SiO2 and 15.07 Al2O3, whereas non-coking coal 
38% fixed carbon. Simple pellets were prepared 
using iron ore fines (-100 mesh) and suitable 
binder, whereas composite pellets using iron ore 
fines, non-coking coal fines (-100 mesh) and 
suitable binder. These pellets were hardened by 
cold bonding process. The average size of the 
composite/simple pellet was about 10mm.  
4.1 Reduction of composite pellets 
Composite pellets of  known weight were placed  
in the tube furnace and nitrogen gas was flushed 
into the furnace in order  to remove oxygen 
completely so as to create neutral atmosphere.The 
reduction of composite pellets  was carried out at 
800°C for five different durations namely 15, 30, 
45, 60 and 90 minutes. After the completion of 
reduction, final weight of pellets was 
taken.Similarly reduction studies were carried out 
at 900°C, 1000°C and 1100°C. 
4.2 Reduction of simple pellets  
Likewise simple iron ore pellets of known weight 
were placed in the tube furnace at 600°C and 
hydrogen gas was passed through the furnace for 
five different durations namely 15, 30, 45, 60 and 
90 minutes. The average velocity of hydrogen gas 
was 2.5 cm/s and flow rate was about 3.53 l/hr. 
After the completion of reduction, final weight of 
pellets was taken. Similarly reduction studies were 
carried out at 800°C.  
The EDS analysis of composite pellets and simple 
pellets before reduction is shown in Table 1.  
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Table 1 EDS analysis of composite and simple pellets 
 
Elements 
Weight (%) 
Composite pellets Simple pellets 
C K 27.97 - 
O K 42.90 40.90 
Al K 4.46 7.90 
Si K 5.78 8.14 
K K 0.22 0.39 
Ca K 0.17 - 
Ti K 0.27 0.45 
Fe K 18.24 42.21 
Total 100 100 
  
 
 
Figure 2 Variation in degree of reduction with time 
using non-coking coal as reductant 
The degree of reduction (α) can be calculated by 
the expression: 
α = [(O2 removed from the sample) / (total 
removable O2 in the sample) 
5. Discussion of results 
The experimental results for the reduction of 
composite pellets and simple pellets are 
represented graphically   in Figures 2 and 3 
respectively. The removal of oxygen from iron 
oxide in ore pellets increases with the increase in 
time at a particular temperature. The increase in 
residence time for reduction at any reduction 
temperature allows more oxygen to be removed 
from the iron ore.  
 
Figure 3 Variation in degree of reduction with time 
using hydrogen gas as reductant 
 
 
 
 
 
Figure 4 Degree of reduction – reduced time plot using 
Non-coking coal as reductant in composite pellets 
In each case, the fraction of reduction was low 
initially and later on increased gradually due to 
faster gas-solid reactions. The degree of reduction 
varied (i) in the range of 47-89% between 800-
11000C for composite pellets and (ii) in the range 
of 40 to 82 % between 600-8000C for simple 
pellets. In the case of reduction of simple pellets 
by hydrogen gas as reductant,the degree of 
reduction is quite higher at 6000C compared to  
8000C. The rate of reduction is rapid during initial 
15 minutes due to high reactivity and it gradually 
slows down with increase in time.  The reduced 
time plot against the degree of reduction is shown 
in Figure 4 for composite pellets and in Figure 5 
for simple pellets.  
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Figure 5 Degree of reduction – reduced time plot using 
hydrogen gas as reductant in simple pellets 
 
Reduced time, denoted by  θ, is obtained by the 
ratio of the time(t) required for any degree of 
reduction (e.g. α=0.1,0.2,0.3 etc.) to the time(t0.5) 
required for having a degree of reduction of 
0.5.This ratio, [ θ=t/ t0.5), obtained at various 
temperatures of reduction when plotted against the  
degree of reduction (α), gives the graphical 
representation of different  models as shown in 
Figure 4 as well as Figure 5.The reduced time 
values have been  calculated from the  α-t plots of  
present investigation and superimposed on the α- θ 
plots for different models. The experimental values 
are represented as the points in Figure 4 and Figure 
5. It can be seen that the results of present 
reduction kinetics of low grade iron ore using non-
coking coal as reductant or hydrogen gas as 
reductant follow the Chemical controlled model. 
6.  Conclusion 
The reduction kinetics of composite pellets using 
non-coking coal as reductant as well as that of 
simple pellets using hydrogen gas as reductant  is 
in good agreement with Chemical Controlled 
model in which the chemical reaction at the 
wustite-iron  interface is the rate controlling factor. 
The rate of reaction at the wustite-iron interface 
would control the overall reaction. 
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Abstract: In the blast furnace, nut coke is utilised in a mixture with ferrous burden to improve the gas 
permeability - especially in the shaft and cohesive zone. Although applied in broad a range (10-40 mm, 2-23 
wt%), limited attempts were made to understand the changed burden behaviour in the presence of nut coke. In 
the present study,a systematic and detailed characterisation is performed on iron ore pellets quenched at high 
temperatures. The investigationwas conductedby optical and scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS). In the pellet taken from iron ore/nut coke mixture (at 1400oC), at the pellet core 
approximately 25 vol.% of the material exhibited a network structure. This structure consists of a wustite matrix 
(10-20 vol.%) reinforced with metallic iron nuclei (5-15 vol.%). On the contrary, in the absence of nut coke, the 
pellet core was hollow. The spacer role played by nut coke by physically hindering the sintering among the 
neighbour pellets is confirmed.  
 
Keywords: Blast furnace, nut coke, cohesive zone, reduction 
 
1. Introduction 
A higher resistance to the gas flow is 
experienced in the cohesive zone of the blast 
furnace. This restricts the gas intake capacity, 
and hence limits the productivity of the blast 
furnace[1]. In order to improve the permeability 
in the cohesive zone, a method of addition of nut 
coke (10-40 mm, 2-23 wt%) in a mixture with 
the ferrous burden is applied in industrial 
practice. The beneficial effects of the nut coke 
utilisation, e.g. improvement in permeability, 
higher reduction kinetics and extended thermal 
reserve zone, have been established in 
industry[2][3]. Due to lack of fundamental 
understanding of the burdenbehaviour in the 
presence of nut coke, its utilisation is limited to 
maximum 25 wt% replacement of normal sized 
coke.It is expected that the presence of nut coke 
brings intrinsic changes in the ferrous burden due 
to higher reduction degree, which will transform 
its properties, and then translates it to the bed. 
This brings the need of thorough comparative 
understating on the phases (mineralogical) 
distributions within the burden in the presence 
and absence of nut coke.  
Iron ore pellets are commonly used raw materials 
for the iron burden in blast furnaces. Hence in 
the present study, characterisation was 
performed on selected pellets (olivine fluxed) 
from a quenched experimental sample bed at 
1300oC and 1400oC in both presence and 
absence of nut coke. These pellets were 
investigatedon microscopic scale to understand 
the development during shrinkage and before 
complete melting. Mineralogy (iron, wustite and 
slag) and pores distribution patterns were 
exploredwithin the pellet. To bring out the clear 
effects of nut coke, characterisation was 
performed and closely compared with the case 
when nut coke was absent in the pellet bed. 
1.1 Material and method 
In a recent study, Song[4]has performed a series 
of quenching experiments of the pellet sample 
bed, under simulated blast furnace condition, 
without (regular coke only) and with mixed nut 
coke (regular coke and nut coke). More 
information about the experimental set-up, 
sample chemistry, procedure and condition can 
be found in refs.[3][4]. With these samples, 
detailed investigations were performed in the 
present study. Photographs of the quenched 
sample bed from 1300oC and 1400oCare shown 
in Fig. 1. For detailed investigations, pellets were 
selected from inside the bed, away from the 
crucible wall and cut through their centre. In case 
of pellets mixed with nut coke, the pelletspresent 
close to the nut coke were selected. These 
samples were identified as ‘representative’ 
pellets (encircled in Fig 1). Phase details and 
features were examined by field emission 
scanning electron microscope (FSEM, Joel 
6500F).  
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(a). 1300oC, no nut coke (b). 1400oC, no nut coke 
  
(c). 1300oC, mixed with 20 
wt% nut coke 
(d). 1400oC, mixed with 20 
wt% nut coke 
Figure 1 Photograph of the quenched sample bed[4] 
Phase selection and quantification methodology 
followed for one micrograph using ‘GIMP-2’ 
image processing application[5] is given in Fig.2. 
Features from SEM-EDS analysis are cross 
referred for the phase identification. Pores appear 
black in the optical micrographs. The number of 
pixels per phase were used to estimate the 
surface percentage of different phases present in 
one micrograph. Phase distribution in the pellet 
samples are quantified by performing phase 
analysis on micrographs across the pellet 
diameter. 
 
 
(a). Raw micrograph 
   
(b). Metal (c). Wüstite (d). Slag 
 
Figure2 Phase identification and quantification from 
the optical micrograph using image processing 
application (GIMP) 
 
2. Results and Discussion 
2.1 Pellet without nut coke 
Photographs of the pellet cross sections 
quenched from a bed without mixed nut coke are 
shown in Fig. 3. Close contact among 
surrounding pellets is seen in a sample quenched 
from 1300oC. As a result of topo-chemical 
reduction reactions, an iron layer forms on the 
periphery of the pellets. The reduced iron shell 
on the pellet is sintered with the neighbour 
pellets (Fig. 3a). In some instances, due to poor 
availability of the pellet surface for reduction and 
sintering at low temperature (1050oC)[6], pellets 
are connected even before the formation of an 
iron shell. This creates the situation of a common 
shell and connected core among two or more 
pellets (Fig. 3a). Because of the reduction 
reaction under load and the sintering 
phenomenon at high temperature, the iron layer 
(at the periphery) becomes dense and often turns 
out to be impermeable for the reducing gases. 
These phenomena hamper the reduction kinetics, 
leading to the formation of a partially reduced 
pellet core. 
 
  
(a). Pellet quenched from 
1300oC 
(b). Pellet quenched from 
1400oC 
Figure3 Optical micrograph of the quenched pellet 
from bed without mixed nut coke 
 
As the temperature further increases to 1400oC, 
this partially reduced core together with fluxes 
and gangue minerals in and around the core 
melts to form the slag. This melt pool of slag 
tries to percolate through or break the shell to 
pass on to its neighbour pellet or to the next 
available voids[7]. This phenomenon leads to the 
formation of ‘hollow icicles’ in the pellet bed 
(Fig. 4). These result in filling of available 
intrinsic pores and inter pellet voids in the bed. 
After systematic experimentation, these series of 
events were explained by Gudenau et al.[7]. In 
line with these observations, hollow pellet cores 
were observed in the pellet quenched from 
1400oC without nut coke (Fig. 3b). Observed 
pellets are connected to its neighbour and it 
seems that the liquid from the core was already 
transferred to the pellet located on the lower side. 
 
Figure 4 Hollow icicles formation in the cohesive 
zone, adapted from Gudenau et al[7] 
 
2.2 Pellet mixed with nut coke 
Micrographs of the pellets quenched from the 
bed mixed with 20 wt% nut coke are shown in 
Fig. 5 and Fig. 6. In the pellet at 1300 oC, a 
porous and wider iron shell is observed. Limited 
contact (sintering) among the pellets is noted. 
The thickness of the iron-rich region is larger on 
the side for the quenched pellet in contact with 
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nut coke compared to the pellet without nut coke 
contact. 
 
 
Figure 5 Micrograph of the quenched pellet at 
1300oC from bed with 20 % mixed nut coke 
 
In the pellet quenched from 1400oC, the core is 
not hollow, when nut coke is mixed (Fig. 6). 
Microscopic examination reveals a network 
structure present at the pellet core. A wustite 
phase matrix reinforced with the iron nuclei is 
visible. The existence of iron nuclei even at the 
core is inferred as a result of a higher reduction 
degree - created by the presence of nut coke in 
the pellet bed. The iron nuclei are irregular in 
shape, and present in a size range of 10-20 μm. 
The wüstite matrix thickness is inconsistent 
around the pellet core. Diameters of the 
intermediate pores present around the core lie in 
a wide range of 100-400 μm. 
 
 
  
Location [A]: Thinner 
network of wüstite with few 
iron nuclei 
Location [B]: Thicker network 
of wüstite (grey area) with 
large number of iron nuclei 
(white spots) 
Figure 6 Pellet quenched at 1400oC from bed mixed 
with 20wt% nut coke 
 
2.3 Comparison: phase distribution 
 
Phase quantification studies are performed in the 
pellet quenched from 1400oC only. The 
investigations were repeated with the two 
representative pellets and in two randomly 
selected diameters on each samples. 
In the pellet without nut coke contact, iron is 
present as the principle phase (~60 vol.%) in the 
shell (Fig. 7). Within the pellet shell, presence of 
both wüstite and solidified slag is observed in a 
similar range of 10-15 vol.%. Approximately 15 
vol.% of pores is estimated at the shell (Fig. 7). 
The metal concentration decreases sharply from 
the shell (60 vol.%) to the core (0 vol.%) of the 
pellet. Contrary to the metal phase, wüstite and 
slag volume concentrations decrease in agradual 
manner from the pellet shell to the core. Thepore 
volume increases continuously from the shell to 
the core (Fig. 7). 
 
Similar patterns of phase distributions are also 
observed in the pellet mixed with 20 wt% nut 
coke (Fig. 8). The main difference noted is the 
presence of solid materials in the core: it consists 
of about 5-15 vol.% metal and 15-20 
vol.%wüstite. Solidified slag is observed in very 
limited quantity. Zoomed into the section around 
the pellet core reveals that these materials are 
present in a network structure (Fig. 6). 
2.2 Effect of nut coke addition 
2.2.1 Reduction 
Being the source of carbon, nut coke enhances 
both direct and indirect reduction reactions. As a 
result, less wüstite is present at the pellet core, 
which is evident from the micrograph of the 
quenched pellet at 1300oC (Fig. 5). Wüstite 
(FeO) is known to form a slag with gangue and 
additives at relative low temperature[8]. That 
means, in the pellet bed mixed with nut coke, a 
smaller amount of wüstite is available for the 
(liquid) slag formation. Due to the solid material 
at the core, pellet is not deformed easily. This 
will improve the high temperature properties of 
the pellets by elevating its softening and melting 
temperature[4].  
For the samples, quenched from 1400 oC the 
presence of iron nuclei even at the core supports 
the argument of a higher reduction degree in the 
presence of nut coke.On the contrary no material 
was seen at the pellet core when nut coke was 
absent at 1400 oC(Fig. 7 and Fig. 3b). At the 
pellet core, iron nuclei are embedded in the 
matrix of wüstite. These iron nuclei’s act as the 
anchor points for the wüstite matrix and hold the 
material at the core. Iron nuclei also provide 
reinforcement to the core structure, bring 
additional strength to the pellet and support the 
pellet against the deformation. 
Compare to the regular coke, gasification 
reaction proceed with higher kinetics for the nut 
coke because of its higher surface area (smaller 
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size) and it is placed in close proximity of the 
iron oxide (mixed condition).Preferential 
utilisation of the nut coke in place of regular 
coke will result in larger size regular coke 
reaching the hearth. This is desired for “healthy 
hearth” operation. 
 
 
 
Figure 7 Phases and pores distribution in pellet 
quenched at 1400oC without nut coke 
 
Figure 8 Phases and pores distribution in pellet 
quenched at 1400oC with nut coke (20 wt%) 
 
2.2.2 Sintering 
In the pellet bed mixed with nut coke, limited 
sintering among pellets is observed (Fig. 5and 
Fig. 6). On the other hand, close contact and 
sintering among the pellets are noticed in the 
pellet bed without nut coke (Fig. 3). Nut coke 
creates the ‘spacer effect’ that physically hinders 
the contact among the pellets, thereby preventing 
the sintering of two or more pellets. Thus at high 
temperatures, mixed-in nut coke particles limit 
pellet cluster formation. This createsmore pellet 
surface area available for reduction reactions. 
Therefore, nut coke enhances the reduction 
reactions to avoid reduction retardation 
phenomenon published to occur in the pellet 
bed[9].  
3. Conclusion 
Based on a detailed characterisation of quenched 
iron ore (olivine fluxed) pellet bed mixed or not 
with (20 wt%) nut coke, the following 
conclusions can be drawn. 
(1).At 1400oC, the presence of a hollow core 
inpellets in a bednot mixed with nut coke 
reconfirms the common understanding of pellet 
behaviour in the cohesive zone of the blast 
furnace. 
Whereas, in a pelletbed mixed with 20 wt% nut 
coke at 1400oC, the core is filled with about 25 
vol.% of material, unevenly distributed in a 
network structure. In the matrix of wüstite, iron 
nuclei reinforces the structure to bring additional 
strength to support the pellets against 
deformation. 
(2). In the case of pellets mixed with nut coke, 
due to enhanced reduction kinetics a broader 
outer iron layer (shell)and iron nuclei at the core 
arepresent.  
(3). It is experimentally confirmed that nut coke 
not only acts as a reducing agent when placed in 
close proximity of the iron oxides pellets, but 
also acts as a ‘spacer’ that physically hinders the 
contact between and sintering of the pellets.  
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Abstract: Pellet induration at high temperature for its hardening is an energy intensive process. Therefore, in 
order to reduce the external energy requirement carbonaceous materials are added to supply in-situ energy on 
induration. In the present study, different carbonaceous materials viz. Jhamacoal, blast furnace flue dust, and 
coke powder have been added in pelletization of hematite ore fines to reduce the external energy requirement 
and to utilize the waste carbonaceous materials. It has been observed that green pellets’ properties are within 
acceptable limits which are not affected by the presence of the carbonaceous material. The cold compressive 
strength (CCS) of pellets increases with increasing induration temperature. The furnace-cooled pellets show 
more strength than air-cooling. Blast Furnace flue dust added pellets show highest CCS among other 
carbonaceous material added in pellets which is 2515 N /pellet at 1280◦C. RI and RDI has also been influenced 
by the addition of other carbonaceous materials. 
 
Keywords: Induration temperature, cold compressive strength, reducibility index, reduction degradation index   
 
1. Introduction  
Utilization of low-grade iron ores and iron 
wastes generated during mining and 
beneficiation process in iron and steel making 
sectors is a very crucial task as fines and low-
grade ores cannot be used in blast furnace (BF) 
operation directly[1-3]. Prior to use in BF 
operation, such huge fines and low-grade ores 
may be converted into pellets via pelletizing 
process (agglomeration technique). Iron ore 
concentrate pellets are usually hardened 
(induration/firing) at high-temperature either in a 
horizontal traveling grate or in grate-kiln 
furnaces. A very high induration temperature 
(say 1325oC) is required to obtain the sufficient 
strength of fired hematite pellets due to the 
absence of recrystallization and crystal growth of 
hematite until 1300-1350oC[1-4]. In addition to 
above, a huge amount of external energy is also 
required for induration of hematite ore pellets to 
obtain pre-requisite pellet properties due to 
absence of exothermic heat of reaction. Several 
investigators studied on use of coke [5-11] and 
waste oxides [12,13] in pelletization process, which 
may reduce the external supply of heat in 
pelletization. On the other hand, an excessive 
addition of carbon in pelletization of hematite 
leads to degradation of pellet quality[5-11]. The 
optimum values of pre requisite pellets 
properties such as cold compressive strength 
(CCS), reducibility index (RI) and reduction 
degradation index (RDI) are required to use in 
Blast Furnace iron making operation for worthy 
charge material. Therefore, optimization of 
induration conditions and carbon content of 
pellet is required in any plant. In the present 
study, different carbonaceous materials such as 
coke, Jhama coal and blast furnace (BF) flue 
dust were used in hematite ore pellets as an 
additive to maximize the utilization of carbon for 
in-situ heat generation and reduce the external 
energy requirements.  
2. Experimental  
2.1 Raw material characterization  
The materials such as Noamundi iron ore 
(Hematite), coke, jhama coal and BF flue dust 
are used for following experiments. The 
chemical composition of iron ore, coke, jhama 
coal and BF flue dust are mentioned in Table 1. 
2.2 Blain number  
The blain number (specific surface area) is 
measured using Blaine air-permeability method. 
The Noamundi iron ore fines were ground in a 
ball mill for 18 minutes to obtain the Blaine 
fineness of 1870 cm2/g. 
2.3 Pelletization process 
Raw materials such as iron ore, coke, jhama 
coal, BF flue dust, bentonite (binder) and 
limestone (flux) were ground into fines size of - 
100 μm by a ball mill for preparation of pellets. 
The ground fines were mixed thoroughly in the 
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rotary conical mixer to get a homogenous 
distribution of charge materials. 
Table 1 Chemical compositions of raw materials 
Materials Fet Fe2O3 FeO SiO2 Al2O3 C 
Iron ore 65 92.1 0.6 1.3 2.4 - 
Coke - - - 9.4 3.9 80 
Jhama coal    7.4 0.4 73 
BF flue dust 35 39.5 9.1 5.4 2.6 33 
Bentonite 1.8 3.4 2.0 60 18.1 - 
 
The green pellets prepared in disc pelletizer with 
the angle of 40-50⁰  and 30 rpm speed in 2 kg 
batch. The optimum quantity of water and binder 
was used for nucleation and growth of green 
pellets. The pellet size ranging from 9-16 mm 
has been maintained. The pellets are prepared 
with the varying amount of coke, jhama coal, BF 
flue dust. After preparation, the green pellets are 
subjected to characterization.  
2.4 Characterization of pellets  
2.4.1 Properties of green pellets  
The green pellets are subjected to 
characterization to ensure that green pellets have 
certain properties such as green compressive 
strength, dry compressive strength and drop 
strength within the acceptable value.  The green 
and dry compressive strength of pellets are 
measured as the forces at which the pellets 
breaks with applied force. The drop test of each 
sample of green pellets is performed by 
repeatedly dropping the green pellet samples of 
10-11 mm size in a 10 mm thick steel plate from 
the conventional height of 0.45 m. The number 
of drops withstands by the pellet before breaking 
is termed as green drop strength.  
 2.4.2 Properties of indurated pellets  
The green pellets are indurated in electrically 
heated chamber furnace. The induration of green 
pellets is performed in varying temperature in 
the range of 400°C-1280°C for 10 minutes. The 
indurated pellets are cooled with different 
cooling rate to room temperature to measure the 
cold compressive strength (CCS) of pellets. 
Universal Testing Machine has been used to 
measure the cold compressive strength as per 
standard [IS -8625-1986]. The maximum loads 
at which the pellets undergo complete breakage 
are recorded. Same procedures were repeated for 
15-20 pellets of each condition and the average 
value was reported as CCS. For measuring 
reducibility index (RI) and reduction degradation 
index (RDI) the pellets are indurated at 1280 ◦C 
for 10 minutes and with similar conditions as 
before. The RI and RDI of indurated pellets were 
measured as per standards (IS 11292 – 1985) [14] 
and JIS: M 8720 [2001]) [15] respectively.  
3. Results and Discussion  
3.1 Properties of green pellets  
The green compressive, dry compressive and 
drop strength of acid pellets are shown in Table 
2. The green pellets properties of all pellets are 
well above the acceptable level.  
Table 2 Green pellets properties for coke added (CA), 
Jhama coal added (JCA), BF flue dust added (BFA) 
pellets at 1.5 % carbon 
Green 
properties 
CA 
pellets 
JCA 
pellets 
BFA 
pellets 
GCS ,kg/pellet 1.37 1.24 1.15 
DCS ,kg/pellet 7.65 6.8 6.77 
Drop No 13.2 11.4 7.7 
3.2 Effect of cooling rate and induration 
temperature on strength of CA, JCA and BFA 
pellets  
The effect of temperature and cooling rate on 
strength of pellets are shown in Fig 1. The CCS 
of furnace-cooled pellets show more strength 
than air-cooled. This is attributed to the 
formation of crystalline and glassy compounds 
during induration of pellets[2]. In case of rapid 
cooling, crystalline and glassy compounds are 
affected. In case of furnace cooling, formation of 
crystalline phase and gassy phases are enhanced 
because of longer sintering time. The pellets are 
oxidized more under the high temperature 
condition consequently decrease the FeO content 
in pellets, which improves the pellet quality. The 
strength of furnace-cooled pellets (annealing) is 
more than that of air-cooling (normalizing) 
because of more recrystallization bond as 
reduced iron oxides are re –oxidized to stable 
iron oxide[13]. The strength of pellet is increased 
with increasing the induration temperature due to 
decrease in porosity, as induction temperate is 
increased [16]. It has found that apparent porosity 
of CA added pellets is decreased to 26.7 % at 
1280◦C from 34.05 % at 1000◦C. approximately 
21.0 % reduction in porosity as firing 
temperature is increased from 1000 to 1280◦C as 
mentioned in Table 3.  
Table 3 Percentage of apparent porosity with 
different induration temperature for 1.5 % carbon 
Induration 
Temp ,C 
Apparent porosity (%) 
CA pellets JCA pellets BFA pellets 
1000 34 32.6 34.6 
1100 32 31 33 
1200 31 30 31 
1250 29.8 28.5 29 
1280 26.7 28 27.5 
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The apparent porosity of pellets mainly depends 
on phase formation during induration of iron 
oxide pellets.  Based on CCS result as mentioned 
in Fig 1 (a) and 3( b). The CCS of pellets are 
higher at induration temperature of 1280◦C for 
10min. The CCS of coke added pellets, Jhama 
coal added pellets, BF flue dust and without 
carbon, added pellets are increased with 
increasing induration temperature as shown in 
Fig.1(a) and 1(b) . BF flue dust added pellets 
show highest CCS among other pellets. The 
average value of CCS of BF flue added pellets is 
2515 N /pellet at induration temperature of 
1280◦C for 10 min. This is mainly due to the 
increasing amount melt phase with BF flue 
dust[12].  The RI of coke added (CA) jhama coal 
added (JCA) and BF flue dust added (BFA) 
pellets are well above the accepted level at 1.5 
wt % carbon as mentioned in Fig.2. However, 
RDI of CA, JCA and BFA of pellets are 
decreasing with increasing carbon content   
beyond 1.5 wt % as depicted in Fig.3. 
 
Figure 1 (a) Effect of temperature and furnace 
cooling on CCS of the pellets 
 
Figure 1 (b) Effect of temperature and air-cooling on 
CCS of the pellets 
In case of BFA pellets, RI is decreased to around 
50 % at two and 2.5 wt % C that is undesirable 
for blast furnace operation. However, RI of CA 
and JCA pellets are decreasing with carbon 
content at 2.0 and 2.5.This may due to the 
formation of more amount secondary hematite 
phase in final pellet as carbon in pellets reduce 
the iron oxide. The reduced iron oxides are re-
oxidized to secondary hematite, which is a 
highly reducible phase in pellets[1,2]. However, 
RDI of CA and JCA pellets show very poor RDI 
value, which is not acceptable for use in plant 
practices. The RDI is higher at higher amount of 
carbon in pellets. More porosity and big pore 
size has a negative effect on RDI of iron ore 
pellet. This may due to higher amount of FeO 
and lower pore density in final pellets [10, 11]. 
  
 
Figure 2 Effect of C % on RI of the pellets 
 
 
Figure 3 Effect of C % on RDI of the pellets 
 
In case of BFA pellets, RDI is increased at 2.0 
wt % because of the weakening of the structure 
of pellets and increased amount secondary 
hematite [12]. Therefore, BF flue dust added 
pellets show good pellets properties indurated at 
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1280◦C for 10 min (RI: 82.5 %, RDI: 36%, A.P: 
27.5% and SI: 12.0%). The industry usually 
accepts RDI lower than 28 % and RI higher than 
65 % for better blast furnace operation. 
The industry usually accepts the lower value of 
RDI. The higher reducibility of iron oxide pellets 
is important for improving gas utilization and 
extent of indirect reduction is possible inside 
blast furnace operation. 
4. Conclusions 
The following general conclusions can be 
drawn from the present study: 
1. Properties of green pellets such as green 
compressive, dry Compressive Strength and drop 
number are within acceptable limits. 
2. The cold compressive strength (CCS) of pellet 
increases with induration temperature (600 to 
1280 ◦C) 
3. BF flue dust added pellet shows highest CCS 
among all the pellets. The average value of CCS 
of BF flue added pellets is 2515 N /pellet at 
induration temperature of 1280◦C for 10 min. 
4. The reducibility index (RI) and reduction 
degradation index (RDI) of pellet decreases with 
increasing the carbon content for CA, JCA and 
BFA pellets   
5. The carbon in pellet helps in reducing the 
induration temperature, which lowers the 
external energy requirements for induration 
pellets. 
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Abstract: Coke is not only the major source of energy, but also the most costly raw material for the blast furnace 
(BF) process. Slight variation in coke properties can cause substantial changes in process efficiency and 
economics. In recent years, the Chair of Ferrous Metallurgy of the Montanuniversität Leoben has tried to develop 
a holistic approach for coke characterization using traditional as well as novel home-grown testing methods 
including sophisticated characterization techniques. The techniques include CRI/CSR tests under modified 
conditions, characterization of parent and reacted coke using sophisticated methods like Raman spectrometry, 
BET analysis, TEM, Computer Tomography (CT) and many other methods. This work will provide an overview 
of these testing methods focusing on the behavior of cokes during the process (from shaft to bosh) and also the 
effect of alkaline elements on coke properties, therefore encompassing a holistic view on the structure-property 
relation of coke. 
 
Keywords: Coke, Blast Furnace, Characterization 
 
1. Introduction 
Coke is the major fuel as well as the costliest raw 
material of the Blast Furnace (BF) ironmaking 
process. It is not only the major reductant of the 
process, but it also provides strength to the burden 
under BF conditions. Total cost of coke is around 
60% of the hot metal production and 1/3rd of the 
steelmaking production cost in whole. As the 
world reserve of coking coal is gradually 
decreasing and the price of coke increasing 
steadily, coking coal has been attributed as a 
‘critical’ raw material for ironmaking with high 
economic importance by European 
Commission[1]. Therefore coke, a direct product 
from coking coals, requires careful investigation 
of its physical, chemical and mechanical 
properties for determining its suitability under 
operational requirements. Minimizing the specific 
coke consumption per ton of hot metal and 
maximizing the furnace efficiency are two big 
challenges for the BF operator.In the past few 
years, the Chair of Ferrous Metallurgy at the 
Montanuniversität Leoben has tried to 
demonstrate how it is possible to characterize 
cokes aiming for a holistic forecast of their 
behaviors under actual process condition, using a 
combination of conventional and novel 
techniques. Apart from the chemical and 
mechanical properties of coke, its behavior at the 
simulated conditions of the bosh region of the 
furnace and the effects of alkaline elements on 
coke properties have also been investigated. The 
current work provides a concise overview on this 
novel holistic approach. 
2. Overview of different experimental and 
characterization techniques 
Coke Reactivity Index (CRI) and Coke Strength 
after Reaction (CSR) are considered as very 
important quality parameters for cokes to evaluate 
their suitability under industrial conditions. The 
method described in ISO 18894[2] is used to 
determine these parameters. For most of the 
characterization methods, ISO 18894 treatment 
has been taken as reference. The test parameters 
such as temperature, gas composition and particle 
size have also been varied to investigate their 
effects. Alkaline elements have also been 
artificially introduced in coke to evaluate their 
influences. Brief descriptions of all 
characterization methods applied in this work are 
described below. 
2.1 Characterization methods 
1) Raman Spectrometry – Spectrographic results 
obtained from various treated and untreated coke 
were correlated to their CRI/CSR values. It was 
observed that this method can be a promising tool 
to forecast on the quality and behavior of cokes 
under process conditions[3] 
.2) Morphological Characterization – Methods 
such as optical microscopy and petrography 
provide important information on the 
morphological properties of coke such as maceral 
analysis and vitrinite reflectance of coke.  
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3) Confocal Microscopy – This method has been 
applied as a novel method for the characterization 
of surface parameters (e.g. roughness) of coke. 
This is a powerful tool for 3D visualization of the 
surface topography.  
4) BET Specific Surface Area – This is a 
completely novel approach to find out the specific 
surface area of the coke specimens, which has 
been achieved successfully. The heterogeneity of 
coke and absence of specific standards in this 
domain was the main motivation to develop a 
home-grown standard testing method for coke 
samples[4].  
5) XRD Analysis – X-Ray diffractometry 
provides information of the crystallinity and 
amorphicity of the carbon structure. A turbostratic 
structure leads to more reactivity of coke by 
making it more vulnerable to reactive gases 
during its decent through the shaft. XRD is also 
useful to determine several crystallographic 
parameters, such as the domain size (Lc).  
6) TEM Analysis – Transmission electron 
microscopy is a powerful tool to visualize the 
lattice orientation and crystallinity of graphite in 
the coke structure. 
7) CT Analysis – Computed Tomigraohy (CT) 
analysis of coke samples provides information on 
the porosity, pore size and ash and pore 
distribution of the sample. 
Methods 5 and 6 have been used for alkali treated 
samples exclusively. 
2.2 Alkali treatment 
Alkaline elements such as sodium (Na) and 
potassium (K) are known to have adverse effects 
on the blast furnace ironmaking process by 
catalyzing the Boudouard reaction and reducing 
the strength of coke in the lower zone of the 
furnace. In order to achieve a deeper insight on the 
effects of alkaline elements on coke reactivity and 
strength, some industrial coke samples 
impregnated with different alkaline species (Na & 
K) in various amounts have been tested under 
standard conditions to find out their CRI and CSR 
values. A home-grown controlled method is 
developed to induce external alkali in coke 
structure. Scanning electron microscopy, 
petrographic and Raman Spectrometric 
investigations demonstrate the change of 
structural properties. The mechanism of catalysis 
has been postulated in terms of atomic radii[5].  
A breakthrough was achieved by TEM analysis of 
alkali treated and reacted samples. Na and K 
species have been found to infiltrate in the 
graphitic structure creating enormous lattice 
distortion, which is the most probable reason of 
drastic deterioration of coke properties under the 
influence of alkaline elements[6]. 
2.3 Wetting behavior at the bosh region 
The physico-chemical phenomena happening in 
the bosh region of a blast furnace are highly 
significant in terms of efficient process control. 
After passing through the stack region, the burden 
materials reach the bosh zone where softening and 
melting are initiated. The major exception is coke, 
as it still remains in its solid state. The viscosity 
of slags and their tendency for static holdup in the 
coke bed of the bosh region in a blast furnace 
plays an important role on the process efficiency 
by directly influencing the free movement of the 
burden and furnace gas and thereby affecting the 
fuel consumption. 
The major aim of this method is to find an 
effective way of using industrial coke specimens 
directly in the experiments instead of using 
synthetic graphite, coke analogues or special 
substrate preparations methods in order to remain 
as close as possible to actual process conditions. 
As a further step, to simulate the comparable 
porous coke structure at the bosh zone (after 
solution loss reaction), the coke pieces to be used 
as substrates have been treated under standard 
CRI conditions . 
3. Results and Discussion 
Some representative results are discussed in this 
section. 
3.1 Raman spectrometry 
Raman spectroscopy is a promising method to 
characterize the microstructure of coke. It extracts 
a specific signature of a coke lump, which varies 
in a bulk sample used to estimate coke quality. 
Carbonacious material (CM) with a poor degree 
of structural organization characterizes a low-
reactive and therefore high-quality coke, whereas 
better-organized CM is found in a lower-quality 
coke with a higher reactivity. This finding can be 
used to predict coke quality by Raman 
Spectrometry of CM as an alternative to the 
conventional ISO 18894 (2006) test. 
Experiments in a test reactor, simulating the 
process conditions of iron making, explore the 
fate of metallurgical coke within a blast furnace 
by observing the microstructural evolution of the 
involved organic constituents. In the iron 
reduction zone of a blast furnace, the poorly 
ordered organic microstructure is transformed 
progressively towards a higher structural order. 
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The complete details could be found from 
Rantitsch et. al [5]. 
 
 
Figure 1 Variation of RRM against CRI 
3.2 Confocal microscopy 
3D profilometry using confocal microscopy is a 
common tool for surface and corrosion engineers. 
In this method, a 3D profile of the surface could 
be constructed using reflected light. But, no 
available literature was found till date on the 
characterization of coke using this technique in 
the best of author’s knowledge. It will be 
indicated later that the surface roughness and 
porosity of reacted coke greatly affect its wetting 
behavior and slag hold up in the bosh zone of the 
blast furnace. The important surface parameters 
have been measured and compared for both 
untreated and CRI tests treated samples. All the 
samples exhibit strong changes of their surface 
properties after treatment under CRI. It is 
observed that the surface roughness and valley 
depth increases significantly after reaction. This 
phenomenon in turn should give rise to higher 
specific surface area and pore volume of the coke 
sample. A new parameter called RMS Roughness 
Multiplicator (RRM) has been defined to indicate 
the proportional change of RMS roughess caused 
by the reaction. RRM is proportional to CRI (Fig. 
1).  
3.3 CT Analysis 
For a better understanding of sinter properties and 
structure, CT measurements were performed. The 
CT analysis was performed at the facilities of 
Österreichisches Gießerei-Institut (ÖGI) using 
Phoenix v|tome|x machine with 240 kV 
microfocus X-Ray tube and >5 µm spatial 
resolution. A representative CT image of coke is 
shown in Fig. 2. 
The 3D surface topographies of a coke sample is 
shown in Fig. 3. 
 
 
Figure 2 CT image through a section of a coke 
sample 
 
Figure 3 Confocal Microscopy image of coke 
sample 
 
The darkest spots inside the sample are the pores, 
whereas the brightest spots denote the ash 
particles. Current research activities are in 
progress for a deeper analysis of coke using CT 
technique. 
3.4 Wetting behavior analysis 
Bhattacharyya et al.[7,8] described an experimental 
method of simulating the wetting behavior 
between coke and slag/hot metal under the 
conditions of the bosh region of a blast furnace. 
More details could be obtained from the 
aforementioned publication. From these 
experiments, it can be inferred that cokes with 
lower reactivity values show more wettability at 
higher temperature than cokes with higher CRI 
values. In parallel, it can be also concluded that 
slags with low viscosity (i.e. high fluidity) show 
complete wetting at lower temperature. So, given 
a combination of a high CRI coke along with a 
low viscosity slag, it will show full wetting at a 
much lower temperature and vice-versa.  
4. Conclusion 
The foremost aim of this work would be to 
characterize coke from its parent form (as it is 
charged in the BF) tracing onwards all the to the 
bosh region. In the beginning, the reader might be 
prone to think about the defined experiments to be 
quite divergent. However, a closer observation 
will prove that the experiments are highly 
interconnected and they complement each other. 
Actually, they encompass the whole flow of 
y = 0.0808x - 0.7346
R² = 0.9022
1.2
1.3
1.4
1.5
1.6
1.7
1.8
26 27 28 29 30 31
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material of carbon carriers right from the parent 
state to the end of the bosh region in blast furnace 
or melter-gasifier.  
This holistic approach of coke characterization 
throws a new light on the structure-property 
relationship of coke under blast furnace 
conditions. This approach does not only provide a 
comprehensive technique of coke 
characterization, but also leads to a quality 
forecast under operative conditions. However, 
knowledge never stops and there are always 
possibilities of exploring deeper and deeper into 
the concerned domain. In future, this work will be 
carried forward with a larger sample set and actual 
tuyere coke samples. A mathematical modelling 
of the wetting behavior will also be attempted for 
better understanding. 
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Abstract: Sinter plant has gone through many engineering changes for improvement in quality & productivity. 
Rim zone effect correction and productivity improvement have been two major drivers for the modifications. 
These changes have altered local aerodynamics of suction within the pallet car and manifested in localised 
damage of selected grate bars. In present work, CFD study is done to identify regions of non-uniform air flow 
across the pallet car width with each engineering modification, since the original installation.  Various possible 
solutions are evaluated using CFD for minimization of non-uniformity in air flow and two solutions are finalised 
for plant trial. During plant scale trial, pallet car was removed during operation and is divided into multiple 
zones to collect sinter samples representing various regions across the width & depth. Detailed microstructure 
analysis is done to study the impact to localised process conditions. Finally, this work tries to establish a 
correlation between local process condition, microstructure & sinter physical properties. 
 
Keywords: sinter, aerodynamics, CFD, rim zone effect, width extension 
 
1. Introduction  
In an operational Dwight Lloyd type sinter 
machine, (i) rim zone correction by adding blank 
plate on both sides and (ii) productivity 
improvement by pallet car width extensions are 
typical modifications which are done to improve 
operational efficiency. These modifications do 
result in improvement in desired parameters but 
effect of these modifications on sinter 
aerodynamics and subsequent effect on localised 
sintering parameters is not much reported.  
 
Figure 1 Preferential Grate Bar damage in Sinter 
Pallet Car 
In JSW Steel, Dolvi works, blank plates were 
incorporated in 2007 to minimise rim zone effect 
and pellet car width extension was done in 2011 
to increase productivity in SP1 (sinter plant 1). 
Lately, selective damage of grate bars was 
observed in specific locations i.e. grate bar no. 4-
6 on both ECR (Electrical control room) & non- 
ECR sides as shown in Fig 1. A consistent 
pattern of excessive damage at specific location 
indicated possibility of non-uniform airflow. 
In current approach, a hypothesis is proposed to 
address the possible non-uniformity of air flow 
across the width. A CFD simulation is done to 
study change in aerodynamics due to changes in 
geometry of sinter pallet car. Plant scale trial is 
done to validate the hypothesis and subsequently, 
depth & width wise variation in TI is evaluated 
for regular pallet car & trial pallet car. 
2. Method 
2.1 CFD simulation 
To address the effect of engineering changes, a 
simplified approach was taken by ignoring the 
effect of feed mix size distribution & bed 
permeability. The approach was to consider 
changes in air flow vectors due to change in 
geometry of the pallet car.  
2.1.1 Assumptions: 
Following are the assumptions for the study: 
 Air flow is simulated in a single pallet car 
1. Symmetry: 
a. Symmetry along central axis of pallet 
car 
b. Symmetry on either side of grate bar 
row 
c. Single half row of grate bar 
2. Air as simulation medium. 
3. Suction pressure – -140 to -150 mbar. Gas 
flow rate- 750-800 Km3/Hr. 
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4. No material above the grate bars, air at 1 at. 
pressure  
 
 
Figure 2 3D view of pallet car with grate bar 
arrangement 
2.1.2 Boundary conditions and meshing 
Fig. 2 shows 3D view of the pallet car whereas 
Fig.3 shows fine meshing around grate bar plane 
to measure air passage through gap in between.  
 
 
 
 
 
 
 
 
 
Figure 3 Geometry creation & meshing in ICEM 
2.1.3 Outcome of CFD study  
Air flow vectors were calculated for three 
cases: existing layout, before width extension 
and before rim zone correction. Following are 
the main outcomes of the study:  
 Air flow was more or less uniform from the 
gaps between various grate bars in original 
design and aerodynamics changed with 
each modification. 
 Velocity of air through gaps between grate 
bar was also calculated which also shows 
similar trend. 
 In existing layout, calculation shows that 
air flow is more in the gaps between 4 to 7 
grate bars compared to rest of the grate 
bars. 
 As shown in Fig. 4, the calculation predicts 
presence of a dead zone on both the sides 
where air flow is very limited 
 
Figure 4 Air flow vectors for cross section of 
pallet car 
2.3 Plant trial 
The objective of the plant trial was to validate 
the prediction of CFD regarding presence of the 
‘dead zone’ on both sides of the car. Based on 
the CFD predictions, a triangular cross section 
was blocked using welding steel plate in 12 
continuous pallet cars on both the sides. Pallet 
cars were used in operation as per standard 
industrial procedure. Towards the end of the 
process after wind box number 21, sinter 
machine was stopped and pallet car was lifted 
up. A regular pallet car (without any dead zone 
blocking) was also lifted for comparing the 
results under similar operating & feed mix 
condition.  
 
Figure 5 Zones of sampling in the pallet car 
Further, pallet cars were divided into 27 zones 
along the width & depth and samples were taken 
from each location as shown in fig 5. Sampling 
frequency was more from the both sides to assess 
the changes in sinter properties with distance 
from side walls. Friable top layer of around 2 
inches was removed before collection the 
sample. Each of these samples were 
characterized for tumbler index & chemical 
composition. Tumbler Index (TI) is indication of 
resistance to breakage by impact and abrasion of 
sinter and is expressed as the percentage of the 
+6.30mm fraction remaining after the tumbler 
test. Further these samples were taken for 
microstructure analysis using optical microscope.  
Outlet: Velocity No Slip Wall 
No Slip 
Wall 
Inlet: Pressure 
Sy
mm
etr
y 
Air passage through 
gap between grate bars 
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Coarse Mesh 
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329 
 
3. Result and Discussions 
3.1 CFD Validation for dead zone 
A distinct dead zone was observed on the cross 
section of the sinter pallet car as shown in fig 6. 
A visible color & quality difference of triangular 
dead zone region with respect to neighboring 
regions validates the presence of a dead zone 
which was predicted by CFD study. Fig 7 shows 
material extracted from the dead zone showing 
partially sintered material & unreacted ore 
particles. Schematic of the observed dead zone is 
presented in Fig 8 with the measured width & 
height of the dead zone.  
3.2 Comparison of sinter cold strength at 
various locations in regular & trial pallet 
cars 
Chemistry of the sinter is reported in below in 
Table 1. 
Table 1 Chemical composition of product sinter 
 
T.Fe FeO CaO MgO SiO2 Al2O3 
Basicit
y (B2) 
56.6 10.5 10.2 2.0 4.8 2.8 2.1 
 
As per sampling details in Table 2 physical 
properties are compared for three layers and four 
columns. Results of TI % distribution across 
different zones in pallet car shown in Fig.9. 
Variation of TI from top to bottom has been 
reported earlier also [1].  
 
Table 2 Nomenclature of sinter samples at different 
locations with respect to columns from both the sides 
 
 
 
Figure 6 Presence of dead zone in sinter pallet car  
Figure 7 Material from dead zone of a regular pallet 
car indicating very less or no sintering 
 
 
Figure 8 Schematic of dead zone in sinter pallet car 
Table 3 shows T.I. variation along layers and its 
sampling distance from side plate of car from 
both sides. There is a measurable improvement 
in T.I. in top layer at each location in trial pallet 
car compared to the regular pallet car.  
Table 3 Variation of tumbler index along the width 
and depth of a) regular b) trial pallet car 
 
 
 
  ECR Side 
Distance from 
side walls (cm) 
0-18 18-30.5 30.5-
43.5 
43.5-69 
 Column No. 1st  2nd  3rd  4th  
Top layer  
 1ECR 
 
2ECR 
 
  3ECR 
 
 4ECR Middle layer 
Bottom layer 
 Non ECR Side 
Distance from 
side walls (cm) 
43.5-69 30.5-
43.5 
18-30.5 0-18 
 Column No. 4th  3rd  2nd  1st  
Top layer  
4NECR 
 
3NECR 
 
2NECR 
 
1NECR Middle layer 
Bottom layer 
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Figure 9 Optical microstructures of sinter samples 
collected from first column of ECR side of regular(a) 
and trial(b) pallet car 
 
 Microstructure of top layer of regular & trial 
pallet car shown in Table 9 also indicate 
improved microstructure with a measurable 
decrease in presence of large sized pores leading 
to a structure with better cold strength.  
It is interesting to note that improvement in cold 
strength of top layer was not in the scope of 
current CFD study & predictions. Above plant 
trial was repeated and the trend of property 
improvement in top layer in trial pallet car was 
confirmed. Current study was initiated to study 
air flow pattern along the plane of grate bar and 
discovery of dead zone was one of the by 
product. To further explain the property 
improvement in trial pallet car, scope of CFD 
study needs to be increased by considering the 
chemistry, size distribution & permeability. 
 
 
 
 
 
 
 
4. Conclusions 
From the present work, the following general 
conclusions can be drawn:  
1.CFD studies predicted the presence of a dead 
zone on modified pallet car layout and plant trial 
validates the Hypothesis. 
2.Along the lines of earlier published work, a 
depth wise variation in TI. 
3.Dead zone blanking by welding steel plate has 
probably led to the changes in local 
aerodynamics, leading to the improvement in 
properties of top layer of sinter. Although, this 
needs to be further studies in detail by increasing 
the scope of CFD simulation. 
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Abstract: In blast furnaces, major raw materials for producing the hot metal are Iron Bearing Materials (IBM) such 
as Lump ore, Sinter etc, Coke and fluxes. Out of these raw materials, IBMs consumption are one of the major 
contributors for hot metal cost. Out of the total input given to the blast furnace, some quantity of Iron is lost in the 
form of dust which cannot be able to be converted to hot metal which resulted in increase of IBM consumption rate 
for producing the hot metal. This paper explains the project work undertaken to reduce the Iron loss by reducing the 
dust rate from the current level of 33 Kg/THM. To reduce the dust rate in blast furnace, Sinter MgO and FeO were 
optimized through Design of Experiments (DOE). By optimizing the Sinter MgO and FeO, dust rate was reduced 
from 33 Kg/THM to below 25 Kg/THM. 
Keywords: Iron bearing materials, sinter, reduction degradation index, design of experiments 
1. Introduction 
JSW Steel, Salem Works is the largest special 
alloy steel maker in India which has two Mini 
Blast furnaces of 402 m3 and 640 m3 capacities. 
Being a special alloys steel maker, it has to 
maintain the highest standards of quality while 
keeping its manufacturing costs more competitive 
in the market. It is a challenge to achieve this 
through process improvements, innovations, waste 
utilization etc.  
In blast furnace, the raw material (iron bearing 
material, fluxes, coke) is charged at the top and 
molten hot metal and slag is tapped at the bottom. 
The coke is charged in alternating layers with iron-
bearing material (ore and sinter). Fluxes are 
charged together with the ferrous material. Fluxes 
are mainly dunite, dolomite, lime stone and EOF 
slag, but sometimes quartzite also has to be added 
to form a slag with suitable properties when 
combined with the gangue material from the iron-
bearing material, coke and coal ashes.  
The reducing gases and the heat needed for the 
process are generated by the combustion of coke 
and often other material injected through the 
tuyeres, usually pulverized coal (PC). Preheated air 
(blast), which can be enriched with oxygen, is 
blown through water-cooled tuyeres and carbon 
(C) in coke and PC is combusted in the raceway. 
The intense heat that is produced gives a flame 
temperature of 2050–2200°C, depending on the 
blast temperature and moisture, oxygen content 
and type of injected reduction agent. The hot 
reducing gases ascend countercurrent to the 
descending raw materials, imparting heat and 
providing for the reduction of the raw materials 
and finally exiting at top of the furnace. 
2. Influence of Iron loss on Hot metal cost 
During blast furnace process, material losses are 
caused by dust particles that are blown out of the 
furnace by the top gas [1]. Since the dust particles 
contain enormous amount of Iron (Fe) and Carbon, 
increase in dust generation will increase Iron 
Bearing Material (Iron ore and Sinter) 
consumption there by increasing the hot metal 
cost. In our case, dust generation rate is around 33 
Kg/THM which is more than our specification 
(<30 Kg/THM as per Quality Document).  
Our present study focus on reducing the Iron loss 
in Blast furnace #2 through reduction of dust 
generation in Blast furnace #2 in order to reduce e 
hot metal production cost. 
3. Analysis      
Higher reduction degradation index (RDI) of 
Sinter and Sinter fines (-4.75 mm) to furnace are 
the major parameters for more dust generation 
inside the blast furnace. 
3.1 Reduction degradation index (RDI) of 
Sinter  
The RDI is a measure of disintegration property of 
sinter on exposure to CO in the temperature range 
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of 500–600oC [2]. RDI is maintained below 30%. 
Higher RDI will lead to degradation of sinter after 
chemical reduction. So it causes the fines 
generation inside the furnace there by increasing 
dust generation. It is also confirmed by comparing 
the relationship between sinter RDI and dust 
generation rate in blast furnaces through scatter 
plot shown in Figure 1. Scatter plot shows strong 
relationship between sinter RDI and dust 
generation rate in blast furnace with R2 value of 
0.79. 
 
Figure 1 Scatter plot between Sinter RDI Vs Dust rate 
in Blast furnace 
The weakening and degradation of sinter is 
associated with volume increase due to the phase 
transformation of hematite to magnetite present in 
sinter. After calcination of dolomite, MgO react 
with FeOx and form a magnetite solid solution by 
solid state diffusion according to the following 
reaction, 
MgO (s) + FeOX (s) = (Fe, Mg)O.Fe2O3 (s) 
The area in which both MgO and FeOx content are 
high simultaneously, high activity of MgO and 
FeOx in melt allows to form magnetite [2]. So, with 
addition of MgO, hematite content decreases 
whereas magnetite content increases [2][3]. Hence 
less hematite is available which result that less 
reduction takes place at lower temperature. Hence 
less strain is generated in the sinter matrix 
structure and hence RDI decreases [2]. Therefore, 
the RDI of sintered ore can be decreased by MgO 
addition [2][5]. At present sinter MgO is maintained 
around 1.8-2.0%. It has to be further increased to 
have the better Sinter RDI.  
 
 
3.2 Sinter fines (-4.75 mm) input to furnace 
Sinter fines are normally below 4.75 mm in size. 
Whenever more sinter fines go into the furnace, 
fines are carried by the top gas and increase the 
dust generation in blast furnaces. It is also 
confirmed by comparing the relationship between 
sinter fines input and dust generation rate in Blast 
furnaces through scatter plot shown in Figure 2. 
Scatter plot shows significant relationship between 
sinter fines input and dust generation rate in blast 
furnace with R2 value of 0.53. 
 
Figure 2 Scatter plot between Sinter fines to furnace Vs 
Dust rate in Blast furnace 
Sinter fines are generated mainly due to poor cold 
strength of sinter. Cold strength determines to what 
extent the sinter will maintain its size during 
handling operations from the sinter plant to the 
blast furnace [4]. So in order to maintain its size, 
high cold strength is required. The cold strength of 
the sinter is primarily governed by the distribution 
of slag networks and the cracks present in the 
sinter [4]. T Uma devi et al. [4] found that 
microstructure of sinter with FeO shows the 
presence of more acicular Silico-ferrite of Calcium 
and Aluminium (SFCA), and these ferrites 
stabilize the sinter porosity. Since SFCA phase is a 
glassy phase, fine acicular SFCA minimizes the 
number of cracks and large pores and therefore 
improves the cold crushing strength [4]. SFCA is 
the most important bonding phase in iron ore 
sinter, and its composition, structural type and 
texture greatly affect its physical properties [4]. 
Therefore, increasing sinter FeO increases the cold 
strength. Increase in Sinter FeO decreases the 
Sinter RDI also [4]. 
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At present, Sinter FeO is maintained around 8.0-
11.0%. It has to be optimized for having better 
cold strength. 
4. Experimental 
In order to determine the optimum operating range 
of sinter MgO and sinter FeO, we decided to 
conduct the experiment in different combinations 
through Design of Experiments (DOE). 
We have done the 3 level experimentation trials 
which is shown in the Table 1. 
Table 1 List of factors and Levels 
Factor 
code 
Factors L1 L2 L3 
A Sinter MgO 1.8-2.0% 2.0-2.3% 2.3-2.5% 
B Sinter FeO 8-9% 9-9.5% 9.5-11% 
 
Based on the orthogonal array table (Taguchi 
method), we have designed the layout for 
conducting trials which is shown in Table 2. 
Table 2 Experimental layout 
Expt 
No./Column 
A B 
Sinter MgO Sinter FeO 
1 1.8-2.0 8.0-9.0 
2 1.8-2.0 9-9.5 
3 1.8-2.0 9.5-11 
4 2.0-2.3 8.0-9.0 
5 2.0-2.3 9-9.5 
6 2.0-2.3 9.5-11 
7 2.3-2.5 8.0-9.0 
8 2.3-2.5 9-9.5 
9 2.3-2.5 9.5-11 
 
Based on the above experimentation layout, each 
experiments conducted for five days. Those 
experimentation results are shown in Table 3. 
Table 3 Trial Results 
Expt 
No 
Trials (Dust rate in Kg/THM) 
1 2 3 4 5 
1 36 36 35 36 35 
2 34 35 35 35 36 
3 32 32 33 32 33 
4 31 32 32 31 32 
5 33 32 31 30 30 
6 28 27 27 28 27 
7 31 32 31 31 32 
8 30 29 30 30 29 
9 33 33 32 34 34 
Experiment results are validated using Analysis of 
Variance (ANOVA) shown in Table 4. Two 
conditions for validate the experiment results 
through ANOVA are, 
If the F Cal value is more than F Tab value, then 
the particular factor / interaction is significant, 
which means that the corresponding factor or 
interaction is having a contribution and vice versa.  
 The total % of contribution from the significant 
factors and interactions should be more than 75%. 
Else, the factor/ level selection is not adequate.  
Table 4 ANOVA Table 
ANOVA TABLE 
Source 
of 
variation 
DOF FCAL FTAB 
Is it 
significant 
% of 
contribution 
A 2 136.85 3.232 YES 51.26 
B 2 25.02 3.232 YES 9.06 
A*B 4 42.57 2.606 YES 31.37 
 TOTAL 91.70 
In our case, both the above conditions are satisfied. 
So, from the ANOVA analysis, we found that all 
the factors and levels are adequate and the 
conducted experimentation is valid. Optimum 
combination of significant factors has been arrived 
for the better results which is shown in Table 5. 
Table 5 Optimum Combination      
Factor 
code 
Factors 
Specification: 
Dust rate ≤ 30 Kg/THM 
Level 1 Level 2 Level3 
A Sinter MgO 34 30 31 
B Sinter FeO 33 32 31 
 
5. Results and Discussions 
Identified optimum results through DOE and 
ANOVA calculation as follows, 
 Sinter MgO = 2.0 – 2.3% 
 Sinter FeO  = 9.5 – 11% 
Sinter MgO is increased from 1.8-2.0% to 2.0-
2.3% by adjusting the dolomite input during sinter 
making at sinter plant # 1 and #2. 
Sinter FeO is optimized from 8.0 – 11% to 9.5 – 
11% by adjusting the fuel input during sinter 
making at sinter plant # 1 and #2. 
By taking the above actions, dust rate has been 
reduced as shown in Figure 3. 
334 
 
 
Figure 3 Dust rate in Blast furnace 
6. Benefits 
Reduction of dust rate by 8 Kg/THM (Average), 
decreases the Iron loss by 3.52 Kg/THM. It 
reduces the Iron bearing material consumption by 
6.29 Kg/THM thereby reducing the hot metal by 
Rs.30/THM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7. Conclusions 
Dust generation rate is reduced below 25 Kg/THM 
from above 30 Kg/THM. It considerably reduces 
the Iron loss and Iron bearing materials 
consumption in Blast furnace#2. 
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Abstract: The per capita steel consumption is considered as the barometer of growth for any country. The steel 
sector contributes 2 percent to the GDP of the nation and provides 6 lacs jobs in the country. The per capita steel 
consumption in India has been 63 kg (including rural consumption at 10 kg) in 2016 which is far less than the world 
average per capita steel consumption of ~ 207.9 kg. Considering the huge scope of growth offered by comparatively 
low per capita steel consumption and expected increase in consumption due to increased infrastructure construction, 
expansion in railways & power sectors and growth in automobile sectors India has planned to scale up its steel 
production capacity to 300 MT by 2030 from a production level of  95.6 MT crude steel in 2016.  To achieve target 
steel production of 300 MT by 2030, Blast Furnace based Integrated Steel Plant shall be the most commercially and 
economically viable route. The Larger size blast furnaces of 4000- 5000 m3 (Useful volume) have some added 
advantage in terms of lower cost of production per tonne of hot metal and efficient utilization of man and 
machinery. This paper deals with the opportunity & constraints in installation and operation of the larger blast 
furnace in perspective of construction methodology, consistent raw material quality and operational discipline. 
 
Keywords: Blast Furnace, Productivity, PCI, CAGR   
 
1. Introduction 
Indian steel industry is passing through troubled 
times. Demand side of the steel market seems dull. 
This has put a break on the supply side too. 
Meanwhile, National Steel Policy has targeted a 
crude steel capacity of 300Mt by 2030-31. Total 
finished steel production in India has increased at a 
CAGR of 7.65 per cent during FY11–15, with 
country’s steel production reaching to 92.16 
million tonnes per annum (MTPA) in FY2014-15. 
India is currently third largest steel producer in 
world with annual production of 95.618 MTPA. 
In 2015, Per capita steel consumption of India was 
merely at a very low level of ~60 kg which is very 
close to one fourth of international average, 
indicating strong growth opportunity.Huge scope 
of growth is offered by India’s comparatively low 
per capita steel consumption and the expected rise 
in consumption due to increased infrastructural 
construction and thriving automobile and railways 
sectors. 
This paper highlights the recent trends, challenges 
and opportunity in optimizing efficiency in the 
Iron Making Technology through modern BF 
route. The paper touches upon the operational 
benefits accrued from modern Blast furnaces and 
various energy saving measures being adopted for 
making the process more efficient. 
If we look at Table 1, India’s growth in last 16 
years is substantial with an average CAGR of 
8.25% second in the world next to China. In 2015, 
India was the only economy in the world where 
steel demand continued to demonstrate positive 
growth at 5.3% as against negative growth in 
China -5.4% and Japan -7.0%. With the 
Government initiatives like Make in India, Smart 
city, Special Freight Corridor, Housing for all etc, 
the demand is likely to be remain robust in the 
coming years ahead. Considering the GDP growth, 
it is estimated that demand will grow threefold in 
next 15 years to reach a demand of 230 MT by 
2030-31. 
It has been estimated that out of total 300 MT 
crude steel, BF-BOF route is expected to 
contribute about 60-65% to the total capacity and 
remaining 35-40% by EAF & IF route. As large 
part of the hot metal requirement is to be 
contributed by Blast furnace, it is very important 
that Blast Furnace route should be very efficient 
and economical. 
 
336 
 
2.0 Blast Furnace 
 
Iron making is the science of extracting Iron from 
Iron oxides. This is primarily done in Blast 
Furnaces using coke made from coking coal, 
which is the most widely adopted technology for 
Iron making in view of its scale of operation and 
thermal and chemical efficiency. There are around 
more than 60 blast furnaces of various sizes from 
250 m3 to 5300 m3 being installed/under installation 
in India. In recent years several Large Blast 
Furnaces with state of the art Technologies have 
been installed. Such furnaces are able to achieve 
higher coal dust injection, lower slag rate and 
higher oxygen enrichment. 
Table 1 Crude Steel Production (million MT) [2016; 
descending order] 
 
Some of the Technological advancement in BF 
Iron making Technology are as follows:  
 Robust Stock-house design with conveyor 
system, higher screening efficiency and selection 
of equipment with sufficient redundancy. 
 Higher level of alternate fuel injection to 
drastically reduce coke rate with injection of 
pulverised coal up to 200 kg/thm. 
 Higher Top pressure BF operation (~2.5 to 3.0 
atm.) 
 Higher oxygen enrichment (minimum 4 to 6%) 
 Continuous de-watering type slag granulation 
system 
 Efficient Gas cleaning system ensuring low (<5.0 
mg/Nm3) dust content in clean gas 
 Increased agglomerate % in burden (nearly 80-
90% Sinter/Pellet/or in combination) 
Adoption of energy efficiency measures like Top 
pressure recovery turbines, use of VVVF drives 
use of waste heat flue gas for pre-heating of gas 
and combustion air. 
 Efficient stoves to provide higher hot blast 
temperature up-to 1200 -1250 deg C. 
 Increase   in campaign   life by    introduction  of 
various    measures   like copper    staves,  Silicon   
carbide and monolithic linings in stack and bosh, 
closed circuit soft water cooling and provision for 
regular monitoring of heat flux all around the 
furnace height and cross section. 
 Adoption of sophisticated probes (Above burden 
and under burden), Top burden viewing camera, 
Radar system, models and computerized expert 
system for process analysis, control and 
optimization are very important tool for 
understanding the behaviour of blast furnace. 
 Efficient Casting practices through up-gradation 
of cast house equipment, clay mass and liquid 
disposal system, incorporation of hydraulic 
operation mud-gun and drilling machines etc. 
3. Challenges associated with Large BF  
In today’s scenario country needs to speed up and 
revisit its current practices in installation and 
operation of Larger size of Blast Furnace to meet 
the mammoth target of 300 MT. Capacity 
enhancement can be possible vide two routes: 
 Addition of new capacity 
 Modernisation of Existing facilities 
 3.1 Addition of new facility 
Large Blast furnace is a complex involving various 
sub-systems. In order to implement a mega Blast 
Furnace module as part of forthcoming Integrated 
Steel Plant, a lot of Inter-disciplinary coordination, 
proper sequence & planning, minute project 
monitoring, Quality assurance and cost control are 
some of the essentials to be met.  
Land acquisition and obtaining statutory 
Government clearance are major milestones to go 
ahead with the Greenfield projects. To meet the 
target of 300 MT, we need to have at-least 3 – 4 
number of Mega steel plant to be commissioned 
every year.  
3.2 Modernisation of existing facility 
Modernisation of the existing facility will play a 
Country 
2000 2008 2010 2014 2016 
CAG
R 
over 
16yrs
,% 
World 850 1326.5 1413 1670.1 1629.6 4.15 
China 128.5 500.3 626.7 822.7 808.4 12.18 
Japan 106.4 118.7 109.6 110.7 104.8 -0.09 
India 26.9 57.8 68.3 87.3 95.6 8.25 
USA 101.8 91.4 80.6 88.2 78.6 -1.60 
Russia 59.1 68.5 66.9 71.5 70.8 1.14 
South 
Korea 
43.1 53.6 58.5 71.5 68.6 2.95 
Germany 46.4 45.8 43.8 42.9 42.1 -0.61 
Turkey 14.3 26.8 29 34 33.2 5.41 
Brazil 27.9 33.7 32.8 33.9 30.2 0.50 
Ukraine 31.8 37.3 33.6 27.2 24.2 -1.69 
337 
 
bigger role in enhancing the production capacity of 
the country. The Blast Furnace’s which runs at 
lower efficiency and un-economical needs to be 
identified. 
Technological up-gradation is required to match 
the competitiveness of the present steel Industry. 
This will not only reduce the hot metal cost but 
will improve the ergonomics. 
Table 2 Performance Indices of Old Blast Furnace 
(Typical) 
    OLD BF'S 
Parameter Unit NINL DSP, 
BF 3 
Bokaro, 
BF 2 
Bhilai 
BF 5 
Tenure   Apr'16-
Sep'16 
15-16 15-16 15-16 
Useful 
volume 
m3 1915 1400 2500 1719 
Production tpd 1610 2200 3900 2340 
Productivity 
(Working 
volume) 
t/m3/day 0.964 1.791 1.73 1.57 
Coke rate kg/thm 542 488 495 508 
Coal dust 
injection 
kg/thm 0 51 63 29 
Nut Coke kg/thm 1 16 30 25 
Fuel rate kg/thm 543 556 588 563 
Slag rate kg/thm 257 327 NA 411 
% 
Agglomerates 
% 95 69 NA 68.5 
                           Source: Operating committee data 
 
If we compare the performance of the old blast 
furnaces and modern Blast Furnace in the 
subsequent Table, we could easily identify the 
higher production cost of older furnaces due to 
lower rate of auxiliary fuels and less control 
mechanism. 
At present the cost of coking coal used for making 
coke suitable for BF operation is $200/HT (FOB, 
Australia) and the cost of non-coking coal is 
around $100/ MT.  The conversion cost adds up to 
coking coal to make cost of coke. 
The difference due to lower injection of auxiliary 
fuel adds on to the cost of hot metal in old 
furnaces. As such it is right time to think about 
the up-gradation of the existing facility to make it 
more cost competitive. 
It is required to identify and solve the entire 
bottleneck in the system which is preventing the 
higher rate of auxiliary fuel injection. 
Table 3 Performance Indices of Modern Blast Furnace 
(Typical) 
    MODERN BF'S 
Paramet
er 
Unit Tata 
Steel (I 
F/c) 
JSPL , BF # 
2 
RSP,  
BF 5 
JSW,  
BF 4  
Tenure   FY 14 2015-
2016 
Apr'16-
Sep'16 
201
5- 
201
6 
Useful 
volume 
m3 3814 1681 4060 
401
9 
Producti
on  
8430 3770 7830 
955
8 
Producti
vity 
(Workin
g 
volume) 
t/m
3/da
y 
2.61 2.58 2.254 2.68 
Coke 
rate 
kg/t
hm 
435 390 416 345 
Coal 
dust 
injection 
kg/t
hm 
134 145 132 135 
Nut 
Coke 
kg/t
hm  
20 30 54 
Fuel rate 
kg/t
hm 
569 555 578 534 
Slag rate 
kg/t
hm 
290 395 340 403 
% 
Agglome
rates 
% 85 80 77.23 84 
Source: Operating committee data 
4. Operation of Large BF 
The operations of large Blast Furnace have always 
been a challenging task for the Indian Operators. 
Some of the perceived operational challenges 
faced by Indian operators are: 
 Low Fuel rate (High PCI rate on continuous 
basis) - Large Blast Furnaces are designed to inject 
the PCI rate (150-180 kg/thm). The higher 
injection rate and lower coke rate make the furnace 
coke deficient. In case of furnace irregularities, it 
is always tough to bring back furnace to normalcy.  
 Absorbing raw material anomalies – In present 
condition assuring good quality raw materials is 
difficult and furnace need to accommodate the 
variation in raw material quality. 
 Dry Hearth management – The driving rate and 
production rate is high in large BF. As such it is 
always a challenging task to keep hearth dry by 
continuous casting. 
 Keeping the Furnace centrally driven by utilizing 
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the BLT system – In larger BF raceway penetrates 
only up to depth of 2 m into the furnace so that gas 
flow is more directed towards the periphery. 
Central coke charging and appropriate burden 
distribution becomes essential in BF operation. 
 High Hot Blast and high Top Pressure operation – 
Large Blast furnace runs on higher hot blast 
temperature and high top pressure. Increase in 
pressure drop demands improvement in the 
permeability of the burden by charging close size 
range of raw materials.  
 Controlling the Hot metal logistics – Controlling 
hot metal logistics, planning of Ladle maintenance, 
coordination with steel melting shop etc is always 
a challenging task in operation of larger Blast 
Furnace. 
To effectively control the process parameters, 
control mechanism are provided in the Level-2 
automation like 
 Burden correction software 
 Heat flux monitoring system 
 Hearth Liquid level Monitoring system 
 Water ingress detection system 
 Profilometer 
 In-burden camera 
Operators need to be more alert and logical to 
operate large size of blast furnace. Golden rule - 
“Bigger the Furnace, consequences of error are 
likely to be magnified at exponential rate beyond 
the operator control” 
5. Role of MECON  
MECON has contributed significantly in Indian 
Steel Industry in their expansion, refurbishment 
and modernization. MECON engineered several 
integrated steel plants and mini blast furnace 
complexes are working successfully in various 
steel plants of public  sector enterprises viz, SAIL, 
RINL, NINL, NMDC, KIOCL  and in private 
sectors viz.  Jindal, Bhushan, Tata Metaliks, Usha 
Martin, Sunflag, Adhunik, SLR, Jindal Saw, KIC 
Metaliks, Srikalahathi Pipes limited, Kalyani steel 
etc. Internationally, MECON has made its 
presence felt by providing quality design, 
engineering & consultancy services for about 130 
projects in different countries. 
MECON can play a major role in identifying the 
in-efficient blast furnace across the country and 
formulate a revival plan to put it on the other side 
of Table of productive and efficient furnace. 
MECON can carry out safety audits and energy 
audits to improve the system efficiency. 
6. Conclusion 
The real growth of the steel industry in India 
happened over last 15 years where the crude steel 
production increased from 27MTPA to 90MTPA 
from 2000 to 2015. China has contributed to the 
extent of 90% to the global capacity expansion in 
steel production. In perspective of Indian Steel 
Industry there is still big opportunity for growth as 
India still lags in the per capita steel consumption 
when compared to other countries at similar levels 
of urbanization. Large scale investment is required 
in the infrastructural sectors to make the mission of 
“Make in India” succeed and achieve self-
sufficiency in steel making.Considering the present 
and future planning; the installation of Large Blast 
Furnaces has become the need of Indian iron 
makers.  
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Abstract: Exergy calculations have been attempted based on input and output stream data for a rotary hearth furnace 
(RHF) producing sponge iron. The stream data are computed under no heat loss condition, and the stoichiometric 
addition of the reductant carbon using a thermodynamic model established earlier. Initially, an energy balance is 
computed based on estimated stream compositions and thermal state, predicted from the model with the help of 
thermodynamic software FactSage 6.4. Subsequently, exergy for solid and gaseous streams are estimated based on 
standard exergy values and compared with the energy of streams. The total exergy destroyed and exergy efficiency is 
calculated as 925.90 MJ and 41.74% per tonne of sponge iron, respectively. Exergy destroyed and exergy efficiency 
increase with the introduction of post-combustion in reduction zone. Exergy destroyed per tonne of product iron 
produced through RHF route are comparable with blast furnace once slag is considered as a useful product. 
 
Keywords: Rotary hearth furnace, Thermodynamic model, Exergy analysis, Sponge iron.   
 
1. Introduction  
RHF process is a coal-based direct reduction 
process that uses iron ore fines and non-coking 
coal fines in the form of composite pellets to 
produce premium-quality sponge iron or iron 
nuggets. From the operational angle, RHF is a 
modified tunnel kiln loaded with thin stationary 
layers of prepared raw charge on a flat, rotating 
refractory hearth. Generally, one or two layers of 
composite pellets are placed on the hearth. Burners 
are located either above or sidewall of the hearth to 
provide the energy demand of the process. The 
burners are fired with external fuel gases or oils 
like natural gas, fuel oil, waste oil, etc. Most of the 
heat required for maintaining the process is 
supplied by combustion of external fuels. In this 
process, the temperature of the reduction zone is 
variable (1150–1350OC). 
Carbon from the reductant coal present in 
composite pellets directly reduce iron oxides by the 
following chemical reactions: 
2 3 3 43Fe O  + C 2Fe O  + CO                   (1)     
Fe3 O4 +C→  3FeO+CO                           (2) 
FeO + C Fe + CO                                 (3)                          
CO gas generated from the reactions (1), (2) and 
(3) is further utilised in the indirect reduction of 
unreduced iron oxides by the chemical reactions 
are as follows: 
2 3 3 4 23Fe O  + CO 2Fe O  + CO                 (4)                           
3 4 2Fe O  + CO 3FeO + CO                              (5)          
2FeO + CO Fe + CO                                      (6)             
CO2 formed from the reactions (4), (5) and (6) are 
not stable if excess carbon (coal) is present at the 
higher temperature (>900oC). These CO2 reacts 
with carbon (from coal) to form CO (Boudouard 
reaction) by the following reaction: 
2CO  + C 2CO                                        (7)                   
The CO gas generated from the reaction (7) further 
reacts with remaining iron oxides present in the 
ore. Sponge iron produced from rotary hearth 
furnace is processed either in a blast furnace or 
smelting furnace to convert into hot metal. 
Material and energy balance for the RHF process is 
done using a thermodynamic model developed by 
Kumar et al.[1] All the thermodynamic data, e.g., 
heat of reaction, AFT, exit gas temperature, 
products of coal pyrolysis, etc. used in this 
thermodynamic model has been estimated with the 
help of software FactSage (Version 6.4).* 
*FactSage is a proprietary of CRCT-ThermFact Inc. & 
GTT-Technologies    
2. Exergy concept 
The energy analysis conducted on a system can 
unveil the amount and the location of energy 
destroyed. Energy balance analysis based on the 
first law of thermodynamics is to study the energy 
loss. This analysis unable to consider changes in 
energy quality during a process which makes it 
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unsatisfactory. To analyse changes in energy 
quality in a process, a thermodynamic analysis 
based on the second law of thermodynamics named 
“exergy analysis” is more convenient. Exergy of a 
stream is defined as the maximum amount of work 
that can be obtained when the stream is taken to the 
dead state from its initial state by processes during 
which the stream may interact only with the 
environment.[2] Typical exergy flow diagram of an 
RHF process is shown in Fig.1. Iron ore, reductant 
coal, external fuel and air are the input streams; 
whereas, sponge iron and exit gas are the output 
streams in an RHF process. Due to the 
decomposition and reduction reactions in RHF 
some exergy is destroyed. Thus, exergy destroyed 
(I) of RHF process is expressed as 
fuel coal Ore air eg siI = (B + B + B + B - B - B )                  (8) 
Where Bfuel, Bcoal, Bore, Bair, Beg and Bsi are the 
exergy of fuel, coal, ore, air, exit gas and sponge 
iron, respectively. 
 
Figure 1 Typical exergy flow diagram of an RHF 
process 
3. Exergy calculation and validation 
Exergy of any stream is consists of two 
components: Chemical exergy and Physical 
exergy. Therefore, the summation of chemical 
exergy and physical exergy gives the total exergy 
of the stream.  
A. Chemical exergy 
The maximum amount of work obtainable when a 
stream is brought to chemical equilibrium with the 
environment at constant temperature and pressure 
is called chemical exergy. The chemical exergy 
(Bch) of input or output streams is given as[4] 
o
ch el i f,i mix
i
B = B + n ΔG +ΔG                             (9)       
Where Bel is the sum of standard chemical exergies 
of each element present in the stream computed as 
ref
j
j
j1e BnB               (10) 
where, nj is the total moles of element ‘j’ present in 
the stream, ref
jB  is the standard chemical exergy of 
pure chemical element ‘j’ at reference conditions, 
ni is the total moles of species ‘i’ in the stream, 
o
f,iΔG is the standard Gibbs free energy of formation 
of a compound ‘i’ present in the stream at STP 
conditions computed from equilibrium module of 
FactSage 6.4, and mixΔG is the free energy of 
mixing of streams calculated as: 
mix mix o mixΔG = ΔH - T ΔS                                      (11) 
Assuming gaseous streams to be an ideal gas, 
mixΔH = 0 and mix i i
i
ΔS = -R x ln(x ) , one obtains: 
mix o i i
i
ΔG = RT x ln(x )                                      (12) 
where xi is the mole fraction of chemical 
component ‘i’ in the stream, To is the temperature 
of reference environment (25oC) and R is the 
Universal gas constant.  
For solid streams like iron oxide and sponge iron, 
the free energy of mixing mixΔG in the present 
study is taken as zero. It is difficult to estimate the 
chemical energy of reductant coal directly since 
coal is a complex organic substance. Therefore the 
chemical exergy value of reductant coal has been 
estimated as follows: 
The specific heating value (HV) of reductant coal is 
calculated using Eq. (13)[5] and the chβ = B /HV
(=1.015) corresponding to the approximate 
chemical composition of the reductant coal has 
been taken from the published work,[6] where Bch is 
the chemical exergy of  coal. From the calculated 
HV of the reductant coal, corresponding chemical 
exergy has been estimated to be  28.93 MJ/kg. 
 
C (O - S)
HV = 152.19H + 98.77  + H - 
3 8
 
 
 
   (13)  
where, H, C, O, and S are the weight percentage in 
the reductant coal. 
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B.  Physical Exergy 
Physical exergy of a stream is consists of four 
components- thermal exergy, mechanical exergy, 
kinetic exergy and potential exergy. The 
temperature difference between the system and 
environment is accountable for thermal exergy. 
Mechanical exergy is due to the pressure difference 
between the system and the environment. The flow 
of the stream is responsible for kinetic exergy; 
whereas, potential exergy depends on the position 
of the stream above a particular reference level. 
Since pressure is constant in the present study, 
mechanical exergy is taken as zero. Kinetic exergy 
and potential exergy are also neglected as their 
values are very less compared to thermal exergy. 
Thus, physical exergy (Bph) can be represented 
as[7]: 
ph o o oB = (H - H ) - T (S - S )              (14) 
Where, (H-Ho) and (S-So) are the difference in total 
enthalpy and entropy between actual and reference 
environment respectively. The first term in the Eq. 
(14) represents the total absolute energy contained 
in the stream and the second term results from the 
irreversibility of the system and indicates the 
exergy destroyed. Equilibrium module of FactSage 
6.4 is used to compute these values. Therefore, the 
total exergy of a stream can be written as: 
total ch phB = B  + B                  (15) 
Table 1 Validation of exergy values estimated with 
literature 
Stream Temp.  
(oC) 
Exergy 
Estimated 
(kJ/kg) 
Exergy 
Cited  
(kJ/kg) 
Error 
(%) 
Lead slag 1200 2071.69 2035[8] 1.80 
Lead sinter 450 756.20 787[8] -3.91 
Reducing 
gas 900 
12706 
(kJ/m3) 
12599[7] 
(kJ/m3) 
0.85 
Hot metal 1570 8992 8928[7] 0.73 
 
C. Validation of exergy analysis of streams 
The exergy values obtained from the approach 
mentioned above are validated with the known 
composition of lead slag, lead sinter, reducing gas, 
and hot metal given in the literature. There is an 
insignificant difference in exergy values calculated 
and cited in the literature as shown in Table 1. 
 
4. Exergy analysis for sponge iron production 
With the help of thermodynamic model developed 
by Kumar et al.[1], material balance and energy 
balance for 1-ton sponge iron are performed 
considering 92 % metallisation and natural gas as 
an external fuel. Material and energy flow of all 
streams per ton of sponge iron is shown in Table 2, 
and the composition of all the input and output 
streams are mentioned in Table 3. 
Table 2 Material and energy flow per ton of sponge iron 
in RHF 
 
Streams  Mass Temp. Energy 
(kg) (oC) (MJ) 
In
p
u
t 
Iron Ore 1310.35 25 0 
Coal 318.25 25 9075.22 
Natural gas 82.36 600 3794.16 
Air 1414.08 900 1350.17 
Total 3125.04 
 
14219.55 
O
u
tp
u
t 
Sponge iron 1000.26 1250 913.86 
Energy consumed  
in reactions  
  
5284.85 
Top gas 2124.78 292.69 8020.84 
Total 3125.04 
 
14219.55 
 
Table 3 Composition (wt%) of  input and output to RHF 
A. Analyses of exergy flows 
Table 4 shows the exergy values of all the input and 
output streams of the RHF per ton sponge iron. 
Corresponding exergy destroyed is 925.90 MJ, and 
sponge iron-based exergy efficiency, when only 
 
Input streams Output streams 
Iron 
Ore 
Coal 
Natural 
Gas 
Air 
Sponge 
iron 
Top Gas 
Fe2O3 92.56 - - - - - 
CaO 0.73 0.90 - - 1.24 - 
SiO2 4.10 5.51 - - 7.12 - 
Al2O3 2.07 2.88 - - 3.63 - 
FeO 0.54 0.69 - - 9.66 - 
C - 83.05 - - 0.05 - 
H - 2.40 - - - - 
O - 1.80 - - - - 
N - 2.00 - - - - 
S - 0.67 - - 0.21 - 
CH4 - - 100.00 - - 1.60 
Fe - - - - 78.11 - 
O2 - - - 21.00 - - 
N2 - - - 79.00 - 50.01 
CO - - - - - 27.77 
CO2 - - - - - 6.65 
H2 - - - - - 0.42 
H2O - - - - - 13.56 
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sponge iron is considered as a useful product (s= 
sponge iron exergy/total input exergy) is  41.74%.   
Table 4 Exergy flows of all input and output streams of 
RHF process 
*PC=Post-combustion in reduction zone 
With the introduction of post-combustion (PC) in 
reduction zone, exergy losses as well as sponge 
iron-based exergy efficiency increases (Fig. 2) but 
beyond 20% PC in reduction is not feasible as the 
reduction zone atmosphere becomes oxidising to 
sponge iron [1]. With the introduction of 20% PC, 
exergy destroyed and exergy efficiency is increased 
by 11.35% and 7.82% respectively. Post-
combustion in the reduction zone reduces the 
external fuel requirement resulting in the reduction 
in total input exergy and increasing exergy 
efficiency.  But top gas volume and exit gas 
temperature, are decreased; consequently, exergy 
losses also increase with post-combustion.  
 
    
Figure 2 Percentage increase in exergy destroyed and 
exergy efficiency with the degree of post-combustion 
B. Comparison with blast furnace exergy 
Exergy destroyed per ton of sponge iron produced 
through RHF route is calculated as 925.90 MJ, and 
sponge iron contains 78.11% metallic iron (Table 
3).  Therefore, exergy destroyed per ton of product 
iron through RHF route is estimated as 1185.38 
MJ.  For blast furnace process, as reported in the 
literature,[9] total exergy flow of inputs and outputs 
streams are 14831.75 MJ and 13633.06 MJ 
respectively. Thus, exergy destroyed per ton hot 
metal (95.17% Fe) is 1198.69 MJ, i.e., 1258.98 MJ 
per ton product iron. The product of blast furnace 
is hot metal (HM) whereas RHF produces sponge 
iron; therefore the comparison of these two 
processes may not give the real picture. However if 
exergy destroyed per ton of product iron is 
compared considering slag as a useful product 
since sponge iron is comprised of metallic iron and 
gangue, their values are comparable.  
5. Conclusions 
From the present study, it is concluded that 
I. Exergy destroyed and sponge iron-based exergy 
efficiency for the production of sponge iron 
from RHF are calculated as 925.23 MJ/ton and 
41.76% respectively. 
II. Introduction of 20% PC in reduction zone 
reduces exergy losses by 23% and enhances 
exergy efficiency by around 5%.  
III. Exergy losses values per ton of product iron 
produced through RHF route and blast furnace 
route are comparable once slag is considered as 
a useful product.  
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Exergy (MJ) 
No PC 20% PC 
Input 
Streams 
Iron Ore 120.53 120.53 
Coal 9207.79 9207.79 
Natural gas 4348.83 3322.96 
Air 864.08 835.57 
Total 14541.22 13486.85 
Output 
Streams 
Sponge iron 6069.45 6069.45 
Top gas 7545.33 6386.37 
Total 13615.33 12455.81 
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Abstract: The quality of hot metal is determined by impurities present in hot metal. There have been a lot 
of studies to control the impurities which in turn determines the final quality of hot metal. Controlling 
Silicon and Sulphur in hot metal to a minimum level has been a wish of blast furnace operators. The silicon 
content in final hot metal is the result of the process control at blast furnace. The main factors governing 
equilibrium distribution of sulphur between slag and metals are basicity, FeO content and slag volume at a 
given temperature. The main objective of this paper is to find out a correlation between sulphur and silicon 
at Vizag steel blast furnaces, considering input parameters constant. 
Keywords: Blast furnace, hot metal, silicon, sulphur 
 
1. Introduction 
In an integrated steel plant, quality of steel is 
interrelated to quality of hot metal; the objective of 
blast furnace is to produce required quantity of hot 
metal of the desired quality and consistency. It has 
been a wish of all blast furnace operators, 
maintaining optimum silicon with best sulphur, 
while aiming for lowest coke rate and optimum 
slag regime. Hot metal chemistry depends on the 
extent of slag metal gas reactions taking place in 
the lower part of blast furnace which is dictated by 
slag properties, temperature and characteristics of 
cohesive zone. Basically blast furnace allows 
controlling the characteristics of hot metal by 
considering 3 levels of action i.e., input of each 
material, slag control, gas distribution control. 
Depending on input material quality (both 
chemistry and physical properties) as well as 
furnace size, the parameters vary. 
2. Present work 
2.1 Silicon reaction in blast furnace 
Conventionally, pick-up of Si in hot metal was 
considered to take place in hearth by reaction: 
SiO2(slag)+2C(coke)=Si(metal)+2CO(gas)       (1) 
Research of the past three decades brought about 
new thoughts on the role of Si transfer in hot 
metal. Decker & Scimar have shown that silicon 
monoxide can be produced during combustion of 
coke, and subsequently silicon is transferred to 
iron droplets by reaction with silicon monoxide in 
gas. Hence, to the contrary, there are evidences 
that the main mechanism of silica reduction 
involves silicon monoxide evolution by “in situ” 
reduction of silica in coke ash. 
 
 
 
 
 
Figure 1 Schematic diagram of silicon 
transfer 
The silicon monoxide gas thus generated at the 
time of coke combustion in front of the tuyeres 
further reacts with carbon of the descending metal 
droplets in the region between the bosh and the 
hearth and gets reduced and transferred as silicon 
in the hot metal (Figure-1), according to the 
following reactions: 
SiO2(coke ash)+C(coke) = SiO(g)+CO(g)         (2) 
C(metal)+SiO(g) = Si(metal)+CO(g)                 (3) 
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2.2 Sulphur reaction in blast furnace   
 
It is well established that sulphur enters the furnace 
through coke. Most of the Indian metallurgical coal 
has less sulphur content than elsewhere; the 
advantage is lost due to higher coke rate and lower 
slag basicity. Sulphur transfer across the slag-metal 
interface along with the associated reactions is 
often described in molecular fashion as: 
 
[FeS] + (CaO) = (CaS) + (FeO)                         (4) 
 
(FeO) = [O] + [Fe]                                             (5) 
 
Alternatively in ionic form as: 
[S] + (O2-) = (S2-) + [O]                                     (6)   
 
Therefore molecularly, 
k = a(CaS).a(FeO) / a[FeS].a(CaO)                               (7)   
 
Assuming Henrian behaviour, 
k’ = (%S).(%FeO) / [%S].(%CaO)                    (8) 
i.e 
(%S)/ [%S] α (%CaO)/ (%FeO)                        (9)   
 
Ratio (%S)/[%S] is often referred as 
desulphurising index that varies with basicity and 
oxygen potential. Most of hot metal that is 
produced is converted to steel, and it must not 
contain more than 0.040% S though desirable level 
is below 0.030%. Adequate desulphurisation of 
metal must occur inside the furnace by way of slag-
metal interaction. In absence of equilibrium, 
kinetics of desulphurisation assumes vital 
importance. Process of desulphurisation in blast 
furnace is so complex that whether it is diffusion 
controlled or activation controlled could not be 
inferred with certainty.   
 
2.3 Relation between sulphur and silicon with 
carbon as reducing agent   
 
In a blast furnace the main source of sulphur is 
coke. The sulphur which is diffused into the hot 
metal is removed by adding CaO through sinter in 
the blast furnace.  The sulphur is removed by the 
following reaction- 
 
[S] + CaO(s) + <C> = (CaS) + CO                  (10)   
 
Gibb’s free energy of this equation is –   
∆G0 = 27500 - 27.15 T cal                               (11)   
 
Now, 
k = (aCaS .pCO) / (aCaO. [Wt% S]. fS. aC)           (12)   
 
Now, all the solid compounds are considered to be 
pure and iron to be saturated with carbon then aCaS, 
aCaO. , and aC all become unity, also it is considered 
that pCO =1. So, 
 
K = 1 / ([Wt% S] . fs )                                      (13) 
 
[Wt% S] = 1 / (k.fs)                                          (14) 
 
Interaction co-efficient fs, 
 
logfs = 0.29[%P] + 0.11[%C] + 0.063[%Si] - 
0.026[%Mn] - 0.28[%S]                                   (15) 
 
From these data, weight % of sulphur at 1773 K, 
2073 K and 2273 K is calculated. The temperatures 
were selected as because tapping temperature, 
hearth temperature as well as RAFT at VSP 
furnaces is generally kept at that level respectively. 
These data were plotted and compared with the 
plant data (see Fig.2). 
 
 
Figure 5 Sulphur v. Silicon correlation 
 
Following inferences may be drawn from Fig.2: 
1. The sulphur content of plant data is always 
greater than the thermodynamic sulphur content. 
2. Higher the temperature lower is the percentage 
of sulphur in metal i.e. better is the 
desulphurization. 
3. Higher is the carbon and silicon content higher 
is the fS value so lower is the amount of sulphur in 
hot metal. 
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2.4 Relation between sulphur and silicon with 
silicon as reducing agent 
The silicon content in the hot metal which mainly 
comes from coke ash acts as reducing agent and 
reduces sulphur. The reaction involved in this 
process is:   
[S]wt%+2(CaO)+1/2[Si]wt%=(CaS)+1/2(SiO2)  (16) 
 
The Gibb’s free energy for this reaction is 
∆G0 = -53945+17.85T                                     (17) 
Where, 
 
k = aCaS*aSiO2^0.5/as*aCaO^2*aSi^0.5                     (18) 
 
[wt% S] = 1/ [k*fs*{fSi*wt%Si ^0.5]                (19) 
 
logfSi = 0.18[%C] + 0.11[%P] + 0.11[%Si] + 
0.056[%S] + 0.002[%Mn]                                (20)   
 
Here all the solids are considered to be pure so, 
aCaS, aSiO2 and aCaO are all unity. Now, the wt% of 
sulphur is calculated by taking silicon from plant 
data at different    temperatures and comparing 
them with the plant sulphur and silicon content. 
  
 
Figure 3 Sulphur vs. Silicon correlation 
 
The following inferences may be drawn from 
Fig.3: 
 
1. The RAFT temperature at VSP is nearly around 
2273 K and the thermodynamic sulphur content at 
that temperature is very close to the plant data but 
again the predicted sulphur content is lower than 
the actual sulphur content in hot metal. 
2. If the amount of silicon in hot metal increases 
then the forward reaction is preferred and the 
amount of sulphur in hot metal decreases. This is 
evident from the plant data that for a constant k 
value as sulphur content in metal decreases silicon 
in metal increases. 
3. Thermodynamically desulphurisation will be 
more at lower temperatures. But from kinetic point 
of view, desulphurization is done at higher 
temperatures. This may be due to the fact that the 
reaction may be diffusion controlled as it may have 
occurred at higher part of the furnace. 
3. Discussion 
It was found that correlation between 
thermodynamics and plant data converges up to a 
certain extent, at high temperatures with low 
silicon and high sulphur content condition. The 
approach was to find a suitable correlation from the 
plant data itself. Both from thermodynamics and 
plant data, it can be stated that Si and S behaves 
inversely with each other which is evident from 
Fig.4. 
 
Figure 4 Variation of S and Si for particular hot 
metal quality 
 
 
Figure 5 Sulphur Silicon max min plot 
 
The reasons for deviation of plant data from 
thermodynamic data are: 
 
i. The time required to attain equilibrium is not 
sufficient inside the blast furnace since burden 
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descent is very fast and the ascending gases may 
not get sufficient time to reach equilibrium. 
ii. In the blast furnace since coke remains solid in 
the hearth, there is a good amount of reaction with 
solid carbon. 
4. Methodology adopted 
Since the whole plant data may mislead us as it 
consists of conditions like throttling of furnaces, 
shut downs etc which is evident from a poor R2 
value (0.18) in Figure-3, a selection criteria for 
choosing data was devised. 
i. The working range of both elements were 
selected according to Vizag steel specifications 
i.e. Silicon - 0.35%0.70% and Sulphur < 
0.035%. 
ii. The days when 3 LD convertors were 
operational were taken into account as then 
blast furnace was in full swing. 
iii. Smax with Simin and Smin with Simax data points 
were plotted within data screened by above two 
conditions. 
iv. A trend line was obtained with R2=91.40% 
which is assumed to cover majority of data. 
v. Values of S for each Si of plant data were 
calculated by using the trend line equation. A 
comparison graph was drawn between actual 
plant Si –S data and calculated Si-S data. 
vi. From the figure-6, it can be seen that some of 
data is deviating from the calculated equation. 
vii. The percentage deviation of sulphur between 
the calculated and actual plant data was 
computed. It was found that in some cases, the 
difference between the plant data and the 
calculated data is as high as 50%. 
viii. The probable reasons for the difference 
between calculated and the actual Si-S may be 
due to the fluctuation in coal blend and coke 
input, tapping schedule, draining rate and 
temperature of the hot metal. 
ix. The error values, between the calculated and 
actual, greater than or equal to ± 20% were 
discarded. 
x. A trend line of filtered plant data is obtained for 
each blast furnace.     
      5. Conclusion 
Analysis of plant data with similar slag chemistry 
indicated that high Si level in hot metal results from 
higher heat reserve in the furnace which also 
facilitates better desulphurisation.  R 2 values of 
69% and 74% in case of furnace-1 and 2 
respectively shows that there are other factors also 
which have an effect on sulphur and silicon 
relation. The final equations obtained through 
regression are: 
 
1.BF-1 : S=0.020*Si-0.78            (21) (Figure-6) 
2.BF-2 : S=0.020*Si-0.80             (22) (Figure-7)  
           
 
Figure 6 Sulphur Silicon regression relation for BF-1 
 
 
 
Figure 7 Sulphur Silicon regression relation for BF-2 
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Abstract: A stable & productive blast furnace operation greatly depends not only on its design, operator skill or 
input material but on the profile & shape of its refractory lining also. The blast furnace inner wall profile exerts a 
large influence on the descent velocity distribution of the burden, the layer structure of the burden and the gas 
flow across the furnace. Furnace wall brick erosion and the scaffolding make the solid and gas flow unstable in 
the upper part of the shaft; it also changes the shape of cohesive zone greatly in the lower part of the furnace, thus 
affecting the heat transfer and melting rates. Conditions within the blast furnace vary widely by region and the 
refractories used in BF lining, particularly in the stack, belly & bosh are highly susceptible to a variety of wear 
mechanisms. Due to the very nature of its geometry and the pyro metallurgical process occurring at different 
stages there are diverse physical and chemical wear mechanisms in play at the different regions of the blast furnace 
and they are complex in nature but ultimately alter the blast furnace’s inner profile by means of eroding / damaging 
the refractory lining.  
 
Keywords: Blast furnace, Inner profile, trials, restoration 
 
1. Introduction 
This case study is based on operating experiences 
at the JSPL blast furnace-II (1681 m3) which was 
commissioned on 13th Oct 2006, and is 
considered one of the most modern Blast furnaces 
operating in India. It is designed by Danieli Corus, 
Netherlands having many state of the art systems 
such as Bell less rotary charging unit by TOTEM, 
Russia, unique Bischoff gas cleaning plant and 
Waste heat recovery system supplied by Kuttner, 
Germany. Some of the basic design figures of the 
furnace are mentioned below. 
 
1. Throat Diameter : 6.73 m 
2. Belly Diameter : 10.0 m 
3. Hearth Diameter : 8.40 m 
4. Stack angle  : 85.2. 
5. Bosh angle  : 81.0. 
6. Hearth volume : 219 m3 
7. Working volume : 1462 m3 
8. Useful volume : 1681 m3 
9. No of Tuyeres : 20 
10. No of Tap holes : 2 
11. Max Blast Flow :           2660 Nm3/min 
12. Max Blast pressure  : 3.2 bar 
13. Max Blast temp : 1250 deg C 
14. Max top pressure : 1.5 bar 
 
2. The Problem 
After eight years of steady and successful 
operation and achieving many benchmark 
performance figures serious deterioration in 
furnace performance was observed from latter 
half of year 2013. The Production, Fuel rate, PCI 
rate, O2 enrichment, Heat load and other operating 
parameters which used to be in a closed range 
started fluctuating widely, though there were no 
major changes in either input material quality or 
operational practices. It is evident from Fig. 1 that 
all the performance parameters which were fairly 
stable and regular from July to November 2013 
become considerably unstable and frequent 
deviations were seen in day to day operations 
from December 2013 onwards. However the slag 
rate which is an indicator of raw material quality 
remained mostly unchanged throughout this 
period. One signal came from simultenous 
fluctuations in stack heat load (Fig. 2), that was a 
precursor of all the above deviations.[1]   
This furnace had history of refractory erosion in 
the upper part however lower part was found 
comparatively intact at that time. It was suspected 
that the damage had extended to lower part also, 
causing scab formations and subsequent 
dislodging resulting in heat flux fluctuations. 
Furnace was stopped and burden level lowered 
upto 10 meters in December 2013 to check the 
extent of damage. Heterogeneous erosion to 
refractory lining was observed. Exposing the 
cooling plates about 50-100 mm (Fig. 3 & 4).  
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Figure 1 Performance trends before problem 
 
 
 
Figure 2 Fluctuations in stack heat load 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Stack refractory condition 
 
 
 
Figure 4 Stack refractory condition 
(a) Initial lining (b) After erosion 
 
3. Explanation  
As described in technical report published by 
Nippon steel, when the upper part of the shaft is 
free of eroded wall brick the burden particles 
descend while maintaining the ore and coke layer 
structures. However, in the case of wall erosion 
the particles near the furnace wall move locally 
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toward the wall and form a mixed layer, thereby 
causing the gas flow velocity near the furnace 
wall to increase affecting the gas utilization at 
upper furnace. In the lower part of the blast 
furnace, due to erosion of the bosh brick, the 
cooling plate inner surface gets exposed to 
become a working face, which has a significant 
influence on the particle descent behavior in that 
region. When the bosh brick is eroded, a stagnant 
layer is formed near the wall at the lower part of 
the bosh and the particle descent velocity in the 
inner part of the furnace becomes much higher, as 
a result the cohesive zone hangs down, causing 
the furnace temperature right above the raceway 
to drop.  
  
 
 
 
 
Figure 5 (a) Eroded stack lining. (b) Stack profile 
after gunning 
The change in the inner wall profile at the lower 
part of the furnace caused by wall brick erosion 
can change the cohesive zone profile at the lower 
part of the furnace, thereby complicating blast 
furnace operation. That phenomenon can cause 
the burden melting ability to decline and the heat 
transfer to become insufficient due to a relative 
shrinkage in the burden descent region at the 
lower part of the furnace. In this case, there is a 
possibility that the deadman may become 
inactive.[2] The visual inspection findings and 
above analysis perfectly explain the problems 
faced at JSPL BF-II. 
4. Remedy 
To prevent the above mentioned irregularities, it 
is necessary to reduce the dead zone. One measure 
may be to increase the raceway velocity thereby 
penetration depth. However, excessive increase in 
tuyere gas velocity also increases kinetic energy 
and promotes disintegration of coke in the 
raceway. Hence to improve the burden descent 
behavior in the blast furnace, it is necessary to 
optimize the inner wall profile so as to stabilize 
the working face profile of lining. This, at JSPL 
Raigarh, was achieved by restoration of eroded 
profile by means of stack gunning. 
In Feb 2014 furnace was blown down upto tuyere 
level and on inspection heterogeneous erosion to 
stack refractory lining was found in tune of 100-
150 mm, confirming previous observations (Fig. 
5a). The damaged profile was restored by means 
of depositing high Al2O3 castable through 
pneumatic gunning (Fig. 5b and c). Chemical 
analysis of gunning material used is as below: 
 
 Al2O3  : 63.03 % 
 SiO2  : 28.63 % 
 CaO  : 3.92 % 
 MgO  : 0.82 % 
 Fe2O3  : 1.52 % 
 Carbon  : 0.17 % 
 
5. Results 
Furnace startup after gunning was smooth 
followed by quick recovery. Furnace got 
stabilized in a very short time. It is visible from 
Figure 6 that the operations post repairs were very 
smooth. As after recreation of inner refractory 
profile the burden descent and gas flow across 
furnace got restored the key performance 
parameters started improving. 
Heat load fluctuations got contained in a narrow 
range (35-40 Gj/hr) supporting higher 
productivity levels of ~3.0 t/m3/d with continually 
improving coke rate, PCI rate, fuel rate and higher 
oxygen enrichment rates (~8%). 
(a) 
(b) 
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Figure 6 Performance trends after repairs 
 6. Conclusion 
From operating experiences at JSPL Raigarh 
(India) Blast Furnace – II, it can be concluded that 
state of Blast Furnace inner profile is of utmost 
importance for stable and productive furnace 
operations. Paying particular attention to the blast 
furnace’s inner wall profile that significantly 
influences not only the burden descent velocity 
but also the burden layer structure and gas flow 
across shaft, yields to smooth and economical 
process.  
References 
1.Upadhyay, H. and Bhagat, A.K.: AISTech - Iron 
and Steel Technology Conference Proceedings, 
2015, Volume 1, p. 308.  
2.ICHIDA, K A., Masayoshi T., Kazumoto K., 
Yoshifumi M., Ikuno Y. and Takeshi N.:  Nippon 
Steel Technical Report, July 2006, No. 94. 
0
20
40
60
80
100
1-Dec-13 1-Jan-14 1-Feb-14 1-Mar-14 1-Apr-14
Heat Load
Repairs
0
1000
2000
3000
4000
5000
1-Dec-13 1-Jan-14 1-Feb-14 1-Mar-14 1-Apr-14
Hot Metal Production
Repairs
300
400
500
600
700
800
1-Dec-13 1-Jan-14 1-Feb-14 1-Mar-14 1-Apr-14
Coke Rate
Repairs
0
50
100
150
200
1-Dec-13 1-Jan-14 1-Feb-14 1-Mar-14 1-Apr-14
PCI Rate
Repairs
0
2
4
6
8
10
1-Dec-13 1-Jan-14 1-Feb-14 1-Mar-14 1-Apr-14
O2 Enrichment 
Repairs
351 
 
INNOVATIVE FLOW CONTROL REFRACTORIES FOR CLEAN STEEL 
PRODUCTION 
 
G. Hackl, D. Meurer, B. Heinrich1, G. Nitzl2 and M. Rout3 
RHI AG Technology Center, Magnesitstrasse 2, Leoben, Austria 
(1. Stopinc AG, Bösch 83a/ P.O. Box 745, Hünenberg, Switzerland; 2. RHI AG, Wienerbergstrasse 9, Wien, 
Austria; 3. Orient Refractories Ltd, Bhiwadi, India)  
Corresponding author’s e-mail: gernot.hackl@rhi-ag.com 
 
 
Abstract:  Besides requirements like a close control of all involved machine parameters the production of clean 
steel via the continuous casting process also highly depends on the right choice of refractory products and systems. 
During the transfer from one metallurgical vessel to another, contamination of steel needs to be avoided as much as 
possible in order to fulfill specified quality requirements. Consequently, design and quality of the involved 
refractories is one key aspect. This paper presents how different modeling techniques such as Computational Fluid 
Dynamics (CFD) and water modeling are methodically applied in order to deepen the process understanding and 
derive measures to optimize the design of the refractory components from the ladle to the mold. Several examples of 
product improvements as well as innovative product developments are shown. 
 
Keywords: Computational Fluid Dynamics (CFD), water modelling, flow control refractories 
 
1. Introduction 
The design of refractory components for the 
continuous casting process plays an important role 
in terms of process controllability and has an 
impact on the quality of the product. 
Contamination of steel, which may occur when the 
liquid steel is transferred from the ladle to the 
mould, needs to be avoided as much as possible. 
Therefore, considerable effort is continuously 
undertaken to further improve the functionality of 
refractory products for the continuous casting 
process, in order to precisely control the flow of 
liquid metal and/or gas. Examples of these 
products are slide gate systems, flow modifiers in 
the tundish as well as stopper rods or submerged 
entry nozzles. Due to the harsh conditions and 
restricted accessibility at a caster there exist only 
limited ways to directly measure the influence and 
evaluate the performance of new products. 
Therefore, a key aspect in the continuous 
improvement of the function of refractory products 
in terms of their impact on the process is the use of 
simulation technology. Models, either physical or 
numerical, are used to represent the real process. 
The interpretation of the model results deepens our 
understanding of the complex physical phenomena 
of the process in an economic and efficient way. 
This understanding is then used to further develop 
the refractory performance and to reduce the time 
to market for new products. Also the process 
understanding is increased in that way. 
2. Ladle gate system 
The function of the ladle slide gate system is to 
control the flow of steel from the ladle to the 
tundish. The refractory components of a slide gate 
system comprise the well block, the inner nozzle, 
the upper and lower plate, and the collector nozzle. 
Usually, a ladle shroud is connected to the 
collector nozzle to prevent air exposure of the 
liquid steel during the transfer process. At the start 
of casting, the slide gate is fully opened to achieve 
maximum possible throughput until the working 
level in the tundish is reached. Then the flow of 
steel is reduced by moving the lower, mobile part 
of the slide gate. 
Determined by fluid dynamics, the system is 
subject to the generation of underpressure and 
subsequent possible air ingress, that could have 
detrimental effects on the plate life time and 
cleanliness of the steel. The most critical areas in 
terms of air ingress are the interfaces of the slide 
gates and the connection of the ladle shroud to the 
collector nozzle due to wear, mechanical 
deformation or a non proper alignment. To assess 
the potential risk for air ingress in those areas, a 
water model of the complete casting channel in the 
scale of 1:2.5 was established. In figure 1 the 
obtained pressure, at a water level of 1000 mm 
(equivalent to 2500 mm in the real application) as 
a function of slide gate opening is shown at two 
positions, whereas the first (P1) is just below the 
throttling face and the second (P2) below the 
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contact line of collector nozzle and ladle shroud. 
The pressure was continuously recorded while the 
slide gate was moved from the fully opened to the 
closed position. Starting from fully opened 
position a more negative pressure is obtained at P2. 
Due to the strong pressure drop caused by 
throttling, the pressure at P1 significantly 
decreases reaching a minimum at around 60% slide 
gate opening. At P2 a different behavior can be 
identified. The minimum pressure is obtained 
when the gate is fully opened and will slightly 
increase while closing. 
 
Figure 1 Local pressure relative to the percent of slide 
gate opening 
 
These findings confirm the potential risk for air 
ingress by underpressure. To minimize this, close 
attention has to be paid to the system and the 
operation. The Ladle Gate Type S system 
incorporates important features to address the 
aforementioned problems[1,2]. Due to the robust 
and accurate mechanisms, like the automatic 
system tensioning and self clamping of the plates, 
human mounting errors have been reduced to the 
minimum. Housing and slider have been optimized 
by finite element analysis to reduce thermally 
induced stresses and deformation and the plate 
design provides maximum refractory overlap in 
operation. Inert gas purging at the critical areas 
will minimize the risk of air ingress, such as the 
opportunity for argon purging between the plates 
or into a special designed gasket between the 
connector nozzle and ladle shroud (Shielded 
Shroud Connection- SSC)[3], as shown in figure 2a 
and 2b.  
        
(a)                                                  (b) 
Figure 2 Argon purging between the gates (a) and 
Shielded Shroud Connection (b) 
3. TUNFLOW Chevron 
In order to guarantee a safe casting start without 
splashing and optimize steel flow to maximize the 
flotation rate of nonmetallic inclusions, an 
effective flow control arrangement needs to be 
implemented in the tundish. Depending on the 
requirements, the product or combinations thereof, 
such as an impact pot and dam/weir combination 
need to be investigated under the specific casting 
conditions[4]. 
However, under imperfect operating conditions, 
e.g. inclined ladle shroud, the flow performance 
could also be negatively affected. One of the recent 
developments of the TUNFLOW family aims to 
tackle this problem. This concept, shown in figure 
3, features special shaped protrusions on the inner 
sidewalls that are able to dissipate the kinetic 
energy more effectively when compared to a 
standard design under both aligned and misaligned 
ladle shroud conditions.  
 
 
 
Figure 3 TUNFLOW Chevron 
Based on the caster dimensions, any general 
exterior shape can be utilized tailored to the steel 
plant needs. The CFD results in figures 4 and 5 
demonstrate the improved performance of 
TUNFLOW Chevron compared to a conventional 
lipped impact pot of the same gross dimensions. 
Both the regions of higher surface velocity and 
turbulence in the impact zone are lower, which 
minimizes the risk of an “open eye” and thus, steel 
reoxidation. 
 
    
 
Figure 4 Surface velocity (left) and turbulence (right) 
for a conventional lipped impact pot design 
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Figure 5 Surface velocity (left) and turbulence (right) 
for TUNFLOW Chevron 
Furthermore the splashing behavior at start of 
casting was analyzed by means of water modeling, 
assuming an inclined ladle shroud. The water flow 
rate in the 1:3 downscaled model was adjusted to 
represent a steel flow rate of 7 t/min fulfilling 
Froude similarity. A high speed camera recording 
at a frame rate of 500 per second was utilized to 
resolve the response of the initial impact. To 
compare the behavior of a TUNFLOW Chevron 
with an impact pot using alternative breaking 
devices on the side wall, an overlay picture using 
all recorded frames was generated. With this 
method, the trajectories of all splashing droplets 
were visualized, as depicted in Fig. 6. TUNFLOW 
Chevron showed very little splashing whereas 
severe splashing was observed for the other 
product. 
 
  
(a)                                (b) 
Figure 6 Splashing behavior at start of casting for 
TUNFLOW Chevron (a) and alternative design (b) 
 
4. GYRO nozzle 
Fluid flow in the mold is known to have a 
significant impact on the quality of continuously 
cast products. Since flow in the mold is strongly 
influenced by the SEN design, it can be modified 
to enhance inclusion removal, the thermal 
conditions and improve the segregation pattern. 
For billet and bloom casting, single-port SEN 
types are traditionally used because of their 
simplicity. These designs are characterized by a 
deep jet penetration and a low energy transport 
towards the meniscus[5]. For high quality steels 
agitated steel flow, for example using mold 
electromagnetic stirrers (M-EMS), is an additional 
requirement to break the dendrites during 
solidification and enhance an equiaxed crystal 
growth structure over columnar. The latter 
structure is associated with a high degree of 
segregation and porosity in the cast product. In the 
last years significant effort has been invested to 
develop a nozzle that enhances swirling flow in the 
mold, which can be manufactured using a simple 
adaptation of conventional tooling. The new 
development for bloom/billet casting, called 
GYRO nozzle, is shown in Fig.7. Several benefits 
are associated with this new concept: 
- Deep jet penetration is avoided, resulting in 
efficient non-metallic inclusion removal. 
- Rotational flow in the mold is achieved to 
support or reduce the need for electromagnetic 
flow actuators. 
- Efficient mixing in the upper mold region 
occurs, which results in a better mold powder 
melting rate to improve strand lubrication and 
reduce freezing. 
- Reduced steel jet impingement on the 
solidifying shell is achieved when compared to 
conventional multi-port designs. 
 
 
Figure 7 Example of a GYRO nozzle 
 
Numerical and physical modeling approaches 
using CFD and water modeling on a 1:2 scale 
model, fulfilling Froude similarity, were applied to 
investigate the aforementioned advantages. A 
comparative study between a single-port SEN and 
the GYRO nozzle used in a rectangular mold are 
depicted in Figs. 8 and 9, showing the positive 
effects of the new concept. A fundamental 
alteration of the flow pattern in the mold was 
achieved in terms of jet penetration depth and 
generation of a rotational flow pattern.  
 
In a second CFD simulation, the effect of mold 
size, using a round cross section, on the formation 
of a rotational flow structure was evaluated. Figure 
10 indicates the velocity profile and flow direction 
at the meniscus for different mold sizes, ranging 
from 180 to 360 mm in diameter considering a 
throughput of 0.45 t/min without using a M-EMS. 
The CFD simulation revealed a rotational flow 
354 
 
structure at the meniscus. The velocity profile 
appeared to be very stable and homogenous and 
the velocity magnitude was in the desired range 
below 0.3 m/s for all configurations.  
 
 
Figure 8 Geometry (left), stream tracer obtained by 
CFD (middle) and dye injection experiment (right) for a 
conventional single-port SEN 
 
 
Figure 9 Geometry (left), stream tracer obtained by 
CFD (middle) and dye injection experiment (right) for 
the novel GYRO nozzle SEN 
 
 
Figure 10 Meniscus velocity profile using the GYRO 
nozzle for different mold sizes 
 
The first industrial trials with the GYRO nozzle 
have been successfully performed. Temperature 
measurements were conducted during the trial that 
indicated a higher meniscus temperature profile 
compared to the strand equipped with a 
conventional single-port SEN. The measurements 
are an indirect verification of the simulation 
results, which predicted more active meniscus 
conditions. In addition, it was reported that 
porosity, microstructure and the level of 
segregation was improved. This is an indication of 
the superior performance achieved with the GYRO 
nozzle. 
5. Summary 
Refractory products and systems play an important 
role in the continuous casting process. Therefore it 
is very important to generate knowledge about the 
functionality of these products, e.g. by the 
application of modeling and simulation tools. In 
this paper some examples were shown and the 
findings can be summarized as follows: 
• Depending on the slide gate position a severe 
underpressure in the casting channel of a ladle 
slide gate system can be generated. Therefore it is  
important to create a system as tight as possible 
and provide the opportunity for inert gas purging at 
critical areas of the system to avoid air ingression 
and associated phenomena. Due to optimal design 
and incorporated features for argon injection, 
Interstop’s ladle gate system type S provides an 
excellent basis for a “clean” steel transfer.   
• Due to a more efficient dissipation of the kinetic 
energy, the TUNFLOW Chevron product family 
shows a superior behaviour over standard impact 
pots in terms of “Open eye” formation and 
splashing at the start of casting. In particular when 
the ladle shroud is not vertically aligned and the 
performance of standard products may already be 
limited, the desired flow conditions can still be 
maintained. 
• The GYRO nozzle SEN design for billet and 
bloom casting has a remarkable influence on fluid 
flow in the mould. As a result of its helical slot-
type port configuration a rotational flow is 
established in the mould, which is known to 
improve the crystal structure by minimizing the 
volume of columnar crystals. When compared to a 
single-port nozzle, deep jet penetration is avoided, 
thus leading to a better flotation potential for 
nonmetallic inclusions and improved heat transport 
towards the meniscus. 
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Abstract: A static material balance model for a ladle refining furnace (LRF) is developed based on the mass 
balance with the objective of proportioning the amount and composition of the inputs such as ferroalloys and 
fluxes’ (aluminium bar, Al mix, carbosil powder, synthetic slag, high & low carbon ferromanganese, 
ferrosilicon, silico-manganese, high & low carbon ferrochrome , ferroaluminium, aluminium wire & shots, 
manganese metal and lime) to meet the point required (required increase in wt % X i.e.
 currentaim XXX 000000   for developing the grade, efficiency and recovery details of added ferroalloy, 
which are generally plant specific. It is capable of predicting the specific amount of ferroalloy addition required 
to meet desired chemical composition and its effect on other element in steel, to control steel chemistry in the 
specified range to avoid heat off in chemistry. In addition to this, it also helps to maintain chemistry in a very 
narrow range which further provides consistency in heat treatment results at original equipment manufacturers 
end.  It is also capable to predict the specific amount and composition& its basicity of final slag generated in 
LRF. It also helps to control the C/A ratio (i.e. CaO/Al2O3) in slag for the requirement of cleanliness of steel. 
 
Keywords:  Ladle refining furnace, Mass balance, Slag, Steel Industry
1. Introduction 
Over the past few decades, the interest of steel 
producers around the world has been evolved in 
term of quality. Steel producers are required to 
maximise throughput, minimise production 
outages and maintain high-quality standards 
while all the time minimising costs. The modern 
metallurgy of iron and steel is mainly oriented in 
quality improvement, effectiveness, and 
competitiveness of its production. Production of 
special quality steels with lesser impurities and 
better cleanliness control for attaining a narrow 
chemical is one of the thrust areas of the steel 
makers. This study consists of two parts. In first 
part of study, VSSL has developed a steady state 
model which is capable to predict that how much 
Ferro alloy addition required to meet desired 
chemical composition and its effect on other 
elements in steel. With the help of this model, 
probability of heats rejection due to off in very 
narrow chemical composition has been reduced. 
Following the first part of study a different 
steady state model is developed which is capable 
of predicting the amount of slag generation in 
LRF for various situation, compositional analysis 
of produced slag its basicity and the resulting 
C/A ratio. With the help of this model one can 
also design the material composition for any C/A 
ratio of resulting slag.  
Ternary diagram of slag having CaO, SiO2 and 
Al2O3 at constant 10% MgO from set of 
approximately 100 heats and area occupied by 
slag in ternary plot based on these, the 
parameters responsible for cleanliness of steel 
are expressed using regression analysis of 
industrial data. The functioning of the proposed 
model has been validated by comparing 
industrial data. Various assumptions, formulation 
of model equations and their concurrent 
industrial scale validations shall be discussed in 
detail during the presentation. This Material 
balance Graphical user interface (GUI) has been 
prepared in Java language. 
2. Experiment trials and results 
2.1 Ferro alloy addition & its effect on other 
element 
In our plant ferroalloys and fluxes such as 
aluminium bar, Al mix, carbosil powder, 
synthetic slag, ferro-manganese (high& low 
carbon), ferro silicon, silico-manganese, 
ferrochrome (high & low carbon), 
ferroaluminium, aluminium wire& shots, 
manganese metal and lime are added in LRF. 
Total amount of ferroalloy required can be 
expressed mathematically as[1]: 

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With the above formulae, we can find how much 
ferroalloy added in LRF to meet desired 
chemical composition. The effect of ferroalloy 
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addition in other elements Like C, Mn, Si, S, P 
etc. in steel[1]. 
Pick up of other elements, i,eff
N
 
is described 
via: 
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This equation is very important for Shop floor to 
control steel chemistry in the specified range to 
avoid heat off. We have conducted trials in LRF 
shop floor for ferroalloy addition with the use of 
this model and validated data and result from the 
shop floor data are shown in Table1. 
Table 1 Optimization of LRF practice 
Before implementation of model 
Summary Feb-17 Mar-17 April-17 May-17 
Total heat processed 374 418 430 424 
Off in aim chemistry 6 5 7 3 
% 1.6 1.2 1.6 0.71 
After implementation of model 
Summary June-17 July-17 Aug-17 Sep-17 
Total heat processed 385 437 419 431 
Off in aimchemistry 1 1 0 1 
% 0.26 0.23 0 0.23 
 
3. Study of LRF slag 
In recent years, better refractory performance has 
been achieved by utilizing slag engineering 
principles.  
3.1 Numerical calculation of slag weight, 
composition & basicity in a ladle using a 
mass balance approach 
Approximately 100 heats of LRF were studied 
continuously with the help of simple mass 
balance method.  
Assumption used for present calculation 
include: 
1. Small amount of furnace slag was carried over 
into the ladle. 
2. The recovery of Fe from EAF slag in the steel 
was 30 %. 
3. Slag typically consist of the following oxide 
components as FeO, MnO, CaO, MgO, SiO2, 
Al2O3 and Cr2O3[3,4] 
To perform the calculation actual plant data has 
been taken in consideration. 
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Total amount of MgO in Slag: 
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Amount of Al contribution in liquid metal: 
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While de-oxidation the constituent acts in two 
stages. Some of its goes to metal & other one 
move to slag as de-oxidation products. The 
amount of the same has been calculated as per 
following calculation. 
Tapping weight 
 
BVD weight 
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Where WHM= Tapping Liquid steel wt (kg) and 
WHM’= Liquid steel wt (kg) before vacuum 
degassing. 
 
Total amount of SiO2 in slag: 
   *)()()()( 25.122 BVDSiTapSimSisSiOSiO WWWWW 
Total amount of Al2O3in slag: 
   )()()()( 89.13232 BVDAlTapAlmAlsOAlOAl WWWWW 
Total amount of MnO in slag: 
   )()()(29.1 BVDMnTapMnmMnMnO WWWW 
Total amount of Cr2O3 in slag: 
   )()()(46.132 BVDCrTapCrmCrOCr WWWW 
 
Total slag weight: 
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[*BVD is acronym for “before vacuum degassing”] 
3.2 Slag composition & basicity in a ladle 
using a mass-balance approach 






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lW
W
CaOwt
S
CaO
0
0    (4) 
Similarly, we can calculate for all slag 
components as MgO, SiO2, Al2O3, FeO, MnO & 
Cr2O3. 
 
Basicity = 




 
2
0
0
0
0
SiO
MgOwtCaOwt    (5) 
3.3 Effect of slag optimization on C/A ratio 
 
After analysing nearly 100 heats every time with 
and without model, resulting C/A ratio was 
found to be approximately 2.25 and 1.83 
respectively (see Table 2) calculated on the basis 
of from Fig.1. The calculations were 
accomplished through a GUI developed in 
house.  
Table 2 Comparison of plant trials 
 
Plant 
trials 
CaO MgO SiO2 Al2O3 Basicity C/A 
Without 
model 
50.48 11.6 14.71 22.44 4.22 2.25 
 With 
model 
52.7 10.4 12.5 28.86 5.04 1.83 
 
 
 
Figure 1 Ternary diagrams for CaO-SiO2-Al2O3 
system at Constant 10 % MgO (a) without model (b) 
with model 
4. Conclusions 
 
Numerical models have been deduced in present 
study. To this end a material balance graphical 
user interface (GUI) has been prepared in Java 
language. Steel making operating process 
(a) 
(b) 
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improvement can be approached through these 
steady state models. These models have been 
applied successfully in plant condition and 
established with repeated trails. 
With the help of this model probability of Heats 
rejection due to off in chemical composition has 
been reduced. The functioning of the proposed 
model has been validated by comparing 
industrial data. Various assumptions, formulation 
of model equations and their concurrent 
industrial scale validations shall be discussed in 
detail during the presentation.  
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List of symbols 
WFL= Total ferroalloy addition, kg  WEAFSlag=Amount of carry over slag from EAF, kg 
Δ % X i  =  %  X f , i -  %  X a , i %Eff,i = Content of effective element in wt %  
%Xf,i= Aim chemistry point of element, i E r e c  = Recovery ra te of  X  
%Xa,i =Tapping chemistry point of element, i Neff,i = Pick up  of other elements  
WHM = Weight of liquid metal  WAlbar = Amount of Al bar, kg 
%Eff,i = Content of effective element in wt %  WAlmix =Amount of Al mix, kg 
E r e c  = Recovery ra te of  X Wcar = Amount of carbosil powder, kg  
Neff,i = Pick up  of other elements  WSyn =Amount of Synthetic slag, kg  
WFeMn(HC) = Amount of FeMn(HC), kg WFeSi(P) = Amount of FeSi(P), kg 
WFeMn(LC) = Amount of FeMn(LC), kg WAlbar = Amount of Al bar, kg 
WFeSi(L) = Amount of FeSi(L), kg  WAlmix =Amount of Al mix, kg 
Wcar = Amount of carbosil powder, kg WSyn =Amount of Synthetic slag, kg  
WFeCr(HC) =Amount of FeCr(HC), kg  %z 1 = % FeO in  EAF S la g 
WFeCr(LC) = Amount of FeCr(LC), kg  K 1  = R e c o v e r y  f a c t o r  
WF e A l  Amount  of FeAl,  k g WLime = Amount of Lime, kg 
WAlwire = Amount of Al wire, kg  % l 1 =  %  C a O  i n  A l  m i x 
WAlshots = Amount of Al shots, kg  %l2= % CaO in Synthetic slag 
% p 1 =  %  C r  i n  F e C r ( H C ) %l 3 = % CaO in  EAF S lag  
% p 2 =  %  C r  i n  F e C r ( LC )  % l 4   =  %  C a O  i n  L i m e 
% u 1 =  %  S i  i n  A l  b a r % u 1 0 =  % S i  i n  F e C r ( H C ) 
% u 2 =   %  S i O 2  i n  A l  m i x % u 1 1 =  % S i  i n  F e C r ( L C ) 
%u3= % Si in carbosil powder  % u 1 2 =  % S i  i n  F e A l 
%u4= % SiO2 in Synthetic slag % u 1 3 =  %  S i  i n  A l  w i r e 
% u 5 =  % S i  i n  FeM n ( H C ) % u 1 4 =  %  S i  i n  A l  s h o t s 
% u 6 =  %  S i  i n  F eM n ( LC ) % u 1 5 =  % S i O 2  i n  L i m e 
% u 7 =  % S i  i n  F e S i ( L )  %m2= % MgO in EAF Slag  
% u 8 =  % S i  i n  F e S i ( P ) %m3= % MgO in Synthetic Slag  
% u 9 =  % S i  i n  S i M n %m4= % MgO in EBT mass 
%n 1 = % Mn in  FeMn(HC)  % n 3 =  %  M n  i n  S i M n 
%n 2 = % Mn in  FeMn(LC ) % n 4 =  %  M n  i n  M n  m e t a l 
% r 1 =  %  A l  i n  A l  b a r  %r10= % Al2O3 in EAF Slag 
% r 2 =  %  A l  i n  A l  m i x %r 1 1 = % Al 2 O 3  i n  Al  mi x  
%r3= % Al in Synthetic slag  %r12= % Al2O3 in Synthetic slag  
% r 4 =  %  A l  i n  F e A l %y1 = %Tapping Si in liquid metal 
% r 5 =  %  A l  i n  A l  w i r e %y2 = %Tapping Al in liquid metal  
% r 6 =  %  A l  i n  A l  s h o t s %y3 = %Tapping Mn in liquid metal  
% r 7 =  %  A l  i n  F e S i  ( L )  %y4 = %Tapping Cr in liquid metal  
% r 8  =  %  A l  i n  F e S i  ( P ) %z1 = % BVD Si in liquid metal  
% r 9 =  %  A l 2 O 3  i n  L i m e %z2 = % BVD Al in liquid metal  
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Abstract: The experiments were carried out using induction furnace to simulate the refractory-slag-metal 
reactions in conjunction with thermodynamic computations using FactSage7.0 software. The Al-killed steel and 
the CaO-Al2O3-8%SiO2-5%MgO-xCaF2 (C/A=1.9, x=0-15%) slags were equilibrated in a magnesia refractory at 
1550 oC. The solubility of MgO in the slag was quantitatively measured as a function of CaF2 content to confirm 
the thermodynamic driving force of MgO dissolution. The penetration depth of slag into the magnesia refractory 
increased with increasing content of CaF2, which originated from a decrease in viscosity of the slag. It was also 
confirmed that MgO particles were dynamically detached from the slag/refractory interface by increasing the 
content of CaF2. Finally, the refractory corrosion mechanism by the change of CaF2 content was identified. 
 
Keywords: Thermodynamic computation, Magnesia, Refractory corrosion, Slag penetration, CaF2, Viscosity. 
 
1. Introduction 
Recently, a demand for high clean steel has 
increased rapidly and thus the highly basic slag is 
required to maximize the desulfurization and 
deoxidation efficiency during secondary refining 
processes. The MgO-C type refractory, which is 
corrosion resistant to basic slags, is generally used 
as lining material. However, excessive addition of 
CaO, which is essential for basic slag, has been 
reported to increase the melting point of the slag 
and to reduce the liquid fraction.[1] Moreover, the 
physicochemical properties of slag become 
deteriorated, viz. decrease in refining efficiency, 
which means the slower desulfurization and 
deoxidation kinetics by excessive addition of CaO.  
To solve these problems, fluorspar (CaF2), which 
has low melting point (approx. 1420 oC), is added 
to control the thermophysical properties of slag. In 
case of highly basic slag (e.g. CaO/SiO2 > 1.3), an 
increase in apparent viscosity due to the 
precipitation of di-calcium silicate (Ca2SiO4) is a 
severe problem in conjunction with a decrease in 
effective liquid fraction of slag. When the 
fluorspar is added as a fluxing material, the 
apparent viscosity of slag decreases.  
On the other hand, it is reported that the 
penetration of slag through the grain boundaries of 
MgO-based refractory is enhanced by increasing 
the content of CaF2 due to an increase in the 
fluidity of slag in dynamic mode.[2] Mukai et al.[3] 
carried out the quantitative evaluation of in-situ 
slag penetration phenomena into the refractory by 
employing an X-ray radiographic apparatus. 
However, there was no distinctive analysis for the 
contribution between the influence of slag-
refractory reaction and the influence of 
thermophysical property of slag on the slag 
penetration behavior into the refractory.  
Therefore, in the present study, because the effect 
of CaF2 on the solubility of MgO in the ladle slag 
is still unclear, MgO solubility in the slag was 
experimentally confirmed in conjunction with 
thermodynamic computations using FactSage 
(version 7.0) program. Then, the effect of physical 
properties of slag on the penetration depth into the 
MgO refractory was quantitatively evaluated under 
condition of fixed thermodynamic driving force of 
MgO dissolution, i.e., MgO saturation condition. 
Consequently, the influence of the thermophysical 
properties of slag on the slag penetration and 
refractory corrosion was systematically 
evaluated. 
2. Experimental procedure 
Experiments were carried out using a high 
frequency induction furnace. The quartz reaction 
chamber was evacuated before performing the 
experiment using a mechanical rotary pump, and 
then it was filled with highly purified Ar-3%H2 
gas by a mass flow controller. In order to simulate 
actual operation, the Al-killed steel was placed in a 
fused MgO crucible (50 mm ID, 60 mm OD, 100 
mm H). After reaching the target temperature, the 
slag was added and reacted with MgO crucible for 
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1 hour. The slag used in the experiments was 
preliminarily melted in order to homogenize using 
the regent grade chemicals, viz. CaCO3, SiO2, 
Al2O3, MgO and CaF2. The slag composition used 
in this experiment is shown in Table 1.  
 
Table 1 Experimental slag composition 
 
 
 
Chemical composition (wt%) 
Slag #  CaO SiO2 Al2O3 MgO CaF2 
Slag 1 56.5 8 30.5 5 0.0 
Slag 2 54.9 8 29.6 5 2.5 
Slag 3 53.2 8 28.8 5 5.0 
Slag 4 51.6 8 27.9 5 7.5 
Slag 5 50.0 8 27.0 5 10.0 
Slag 6 47.0 8 25.0 5 15.0 
 
3. Result and Discussion 
3.1 Effect of CaF2 on slag penetration into the 
refractory  
The depth of penetrated slag into refractory 
increases as the CaF2 content in the slag increases 
as shown in Fig.1. The slag penetration was 
occurred through the pores of the refractory, 
depending on the physical properties of the slag 
such as viscosity and interfacial tension. The 
viscosity of the slag used in this experiment was 
measured by the present group. It has been 
reported by Kim et al.[4] to be decreased from 2.1 
to 0.6 dPa.s (P) as the CaF2 content in the slag 
increased from 0 to 15%. This result indicates that 
a decrease in viscosity of the slag dominantly 
affect to the penetration depth as shown in Fig. 1.  
To quantitatively analyze the depth of penetrated 
slag into the refractory, the following Washburn’s 
equation can be applied. [5] 
 
 


cos
r
ldt
dl

4
   (1) 
 
where r ,  ,  ,  , l , and t are radius of pore 
(mm), contact angle of slag with refractory, 
viscosity of slag (N∙S/m2), interfacial tension 
(N/m), penetration depth (mm) and penetrated 
time (s), respectively. 
Then, the penetration depth can be expressed as 
follows by integrating Eq. (1). 
 
 tr
cos
l 





2
   (2) 
 
Eq. (2) can be used to determine the penetration 
time of the slag into the end of the refractory. 
Literature values for each physical parameter were 
used.[4-7] As a results, the penetration time to the 
end of the refractory edge was 6.0, 7.3, 10.3 and 
17.6 sec for the CaF2 content of 0, 5, 10 and 15%, 
respectively, as shown in Fig. 2. However, as 
shown in Fig. 1, the slag did not fully penetrate to 
the end of the refractory when CaF2 content was 
lower than 10% even though the experiment was 
carried out for 60 minutes. 
 
Figure 1 Slag penetration depth into the refractory and 
viscosity of slag as a function of CaF2 content 
 
 
Figure 2 Penetration depth of slag with reaction time at 
different CaF2 contents 
A difference between the calculated and the 
experimental results are mainly due to the 
following reasons. (1) In Eq. (1), it is assumed that 
the path of the capillary is straight. However, the 
actual path within the MgO refractory pore is more 
complicated than theoretical path because the 
actual capillary is not straight. (2) Because 
diffusivity of chemical species in the slag is 
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different, slag composition will be varied along the 
capillary. Thus, physical properties of slag such as 
viscosity and interfacial tension will be changed. 
(3) Since the pore size of the actual MgO 
refractory is not constant, the penetration rate of 
slag will not be constant.  
In addition, if the slag penetration at the 
slag/refractory interface was significantly occurred, 
the MgO particles will be detached from the 
refractory to the slag and the pore size near the 
interface will be increased. The reactions at the 
refractory/slag interface will be discussed in detail 
in the following section. 
3.2 Effect of CaF2 on slag-refractory reaction  
The corrosion of the refractory is caused by the 
reaction between the slag and the refractory. The 
total MgO concentration in the slag increased with 
increasing content of CaF2 after dynamic corrosion 
experiments as shown in Fig. 3. However, as a 
result of the MgO dissolution experiments under 
the static condition, there was no significant 
change in MgO saturation in the slag as a function 
of CaF2 content. This trend was also confirmed by 
FactSageTM7.0 calculation as shown in Fig. 3.  
 
Figure 3 MgO content in slag as a function of CaF2 
content 
 
In a SEM analysis of post-mortem refractory 
samples, there were differences in morphology of 
slag/refractory interface at different CaF2 contents 
in the slag. In case of CaF2-free slag, the 
slag/refractory interface was flat and smooth. 
However, as the content of CaF2 increases, the 
morphology of the interface became very irregular 
and rugged as shown in Fig. 4. It was confirmed in 
Fig. 3 that MgO saturation content was not 
affected by CaF2 content. However, the corrosion 
of the refractory was accelerated by increasing the 
content of CaF2. 
3.3 Refractory corrosion mechanism  
In the present experiment, the refractory corrosion 
was affected by the physical property of slag rather 
than by the chemical dissolution reaction. The 
thermodynamic driving force was very small 
because the MgO concentration in the initial slag 
was close to the saturation limit. The refractory 
corrosion was occurred in the following three steps 
as shown in Fig. 5. That is, (1) the flow of slag 
was occurred due to a stirring power of the 
induction furnace, (2) the slag penetrates into the 
refractory through the grain boundary, and (3) the 
penetrated slag washes out the MgO particles from 
the refractory/slag interface. 
 
Figure 4 Back scattered electron image of post-mortem 
refractory samples as a function of CaF2 content in slag 
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Figure 5 Schematic diagram of the slag penetration 
behavior into the refractory 
4. Conclusions 
We evaluated the refractory corrosion phenomena 
according to the CaF2 content in the slag. MgO 
saturation limit in the slag was also measured 
according to the CaF2 content. It was confirmed 
that the MgO saturation was not significantly 
varied by CaF2 content. Therefore, the refractory 
corrosion can be evaluated by thermophysical 
properties of slag. The penetration depth of slag 
increased with increasing content of CaF2, which 
was caused by a decrease in slag viscosity. 
Consequently, the refractory corrosion was 
accelerated as the fluidity of the slag increased.   
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Abstract: To produce special quality steels, desulphurization of steel in ladle is going to play a very important role. 
To get higher degree of desulphurization of steel in ladle treatment, it is important to study the impact of different 
process parameters on desulphurization to design optimum slag chemistry.  The different phases in a multi-
component slag system play significant roles in ladle refining with focus on desulphurisation. The process of 
desulphurisation depends to a great extent on the properties of the slag phase. It has been established that high 
amount of slag is favourable for sulphur removal. Investigation of the desulphurisation process shows that argon gas 
flow rate through the porous plugs are as well important as the slag mass and composition in order to deep 
desulphurisation. The aim of this study was mainly to investigate desulphurization behaviour of ladle furnace slag at 
Bokaro Steel Plant having a 300 t capacity ladle furnace. Impact of different parameters like oxygen potential of 
slag, basicity of the slag and percentage of aluminium in steel, on desulphurization ability of slag were evaluated. 
The results show that the sulphide partition ration increases with increase in aluminium in steel and basicity of slag 
whereas sulphur partition ratio decrease with the increase in oxidation potential of the slag.  
 
Keywords: refining slag; deep-desulphurization; sulphur partition ratio; desulphurization rate, Ladle Furnace 
 
1. Introduction 
Sulphur is detrimental to the high quality clean 
steel which requires very high deformation 
technique just like thin automobile sheet steel. The 
maximum extent of Sulphur which can be accepted 
for quality steel production is of the order of 0.01 
or below. Correct and optimal slag management in 
the ladle furnace allows effective production of 
steel with required chemical composition and 
properties. Desulphurization of steel at ladle 
furnace depends on temperature, concentrations of 
oxygen and sulphur in the steel, but mainly on 
chemical composition and physical properties of 
slag. Very significant influence of MnO and FeO 
content on the desulphurization capability of ladle 
slag could be observed during the steel 
desulphurization[1].  
For sulphur removal control, parameters such as 
argon gas flow rate through the porous plugs, 
inductive stirring effect, and amount & 
composition of the top slag should be optimised. 
The aim of this study was mainly to investigate 
desulphurization behaviour of ladle furnace slag at 
Bokaro Steel Plant having a 300 t capacity ladle 
furnace. Impact of different parameters like 
oxygen potential of slag, basicity of the slag and 
percentage of aluminium in steel, on 
desulphurization ability of slag were evaluated. 
2. Thermodynamic aspects of de sulphurisa-
tion in Ladle Furnace 
At steelmaking temperatures, the stable form of 
sulphur is the gas. Sulphur is soluble in liquid iron 
and slag. Therefore, the reactions happening at the 
gas-slag and metal- slag interfaces are important 
for the removal of Sulphur[2]. The solubility of 
Sulphur in slags is expressed with the following 
relation: 
 
1
2
𝑆2(𝑔) + (𝑂
2−) = (𝑆2−) +
1
2
𝑂2(𝑔)            (1) 
The equilibrium constant is given by 
𝐾 =  
(𝑎
𝑆2−
).𝑃𝑜2
1/2
(𝑎𝑜2−).𝑃𝑠2
1/2                     (2) 
where 𝑎𝑠2−  is equal to 𝑠2− . (%𝑆) 
According to Richardson and Fincham[2];  
Cs is defined as 𝐶𝑠 = (%𝑠).
𝑃𝑜2
1/2
𝑃𝑠2
1/2                      (3) 
Cs is called as Sulphide capacity that shows a 
slag’s ability to absorb Sulphur. It increases as slag 
basicity increases. A slag with high Sulphide 
capacity indicates the ability of that slag to absorb 
Sulphur is high. Ability of a slag to absorb Sulphur 
from the phase in contact with it depends upon the 
basicity of the slag and oxygen potential of the 
system: The more basic the slag and the less 
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oxidizing conditions available, the more Sulphur is 
present in that slag [3]. 
Sulphur Slag-Metal Partition Ratio ( Ls ): 
Desulphurization reaction in the ionic form can be 
written as[4] 
[S] + (O2-)=(S2-)+[O]                     (4) 
The equilibrium constant is given by 
K4=
(𝑎
𝑠2−
).𝑎𝑜
(𝑎𝑜2−).𝑎𝑠
                                      (5) 
Where 𝑎𝑠2−  is equal to 𝑠2− . (%𝑆) and as= 𝑓s . %S 
Ls=
(%𝑆)
%𝑆
 = K.
𝑎
𝑜2−
𝛾𝑠2−
. 𝑓s. 
1
𝑎𝑜
                  (6) 
Where Ls= sulphur slag-metal partition ratio 
From the equation (6) it can be concluded that 
there are 4 factors affecting on sulphur slag-metal 
partition ratio[2]: 
• Metal composition 
• Slag composition 
• Oxygen potential of the system 
• Temperature 
The relation between sulphur partition ratio and 
sulphide capacity can be obtained by combining 
the reactions (1) and (4) as follows[3]: 
[S]+
1
2
𝑂2(𝑔) = [O] + 
1
2
𝑆2(𝑔)            (7) 
The equilibrium constant of relation (7) is given in 
literature as: 
Log K7 = -
935
𝑇
+  1.375                   (8) 
Using sulphide capacity definition given in (3), K7 
can be written as: 
K7 = 
𝑎𝑜
𝑎𝑠
. √
𝑃𝑠2
𝑃𝑜2
 = 
(%𝑆)
% 𝑆
 . 
𝑎𝑜
𝑓𝑠.𝐶𝑠
                (9) 
By combining (3), (8) and (9), the following 
expression for the equilibrium sulphur slag-metal 
partition ratio, Ls , is obtained[3]: 
   logLs=log
(%𝑆)
% 𝑆
= -
935
𝑇
+ 1.375+log Cs+log𝑓𝑠-log ao 
                                                         (10) 
Oxygen potential of the system can be expressed 
either by oxygen activity of the metal or by FeO 
activity of the slag[4]. Removal of sulphur from the 
metal enhances when ao is small (i.e. reducing 
conditions).Ladle furnace slag consists of CaO, 
Al2O3 and SiO2 as the major constituent. At 
Bokaro steel plant, maximum heats are aluminum 
killed steel. The overall reaction may be written as: 
 
3(CaO) + 3[S] + 2[Al]= 3CaS + Al2O3       (11) 
The equilibrium constant K11=
𝑎𝐶𝑎𝑆 
3 .𝑎𝐴𝑙2𝑂3
𝑎𝐶𝑎𝑂
3 .ℎ𝑠
3ℎ𝐴𝑙
2      (12) 
Assuming hs= Ws  (aCaS), hAl=WAl, Then Sulphur 
partition ration at equilibrium;  
Ls,e={
𝑊𝑠
𝑊𝑠
}eq  (aCaO)
𝑊𝐴𝑙
2/3
𝑎𝐴𝑙2𝑂3
1/3                              (13) 
 
Increasing wt.% of CaO increases aCaO and 
decrease 𝑎𝐴𝑙2𝑂3, thereby increasing Ls,e.  
 
The CaO-A1203-SiO2, slag system usually has 
strong desulphurization ability. The 
desulphurization rate and Sulphur capacity of 
aluminates are larger than silicates.  
 
Figure 1 CaO-Al2O3-SiO2 slag system 
3. Experiment 
Steel Melting Shop No.2 at Bokaro Steel Plant is 
equipped with two numbers of 300 t capacity BOF. 
For secondary refining there are two ladle 
furnaces. At Continuous casting shop there are two 
numbers of twin slab casters. At Bokaro steel 
plant, more than 90% steel is low C steel.  
As desulphurization ability of the slag depends on 
the chemical composition of the slag as well as the 
steel chemistry and the killing pattern of steel, so 
steel and slag sample of different 5 heats having 
different grades from ladle furnace of Bokaro steel 
plant, SAIL different killing pattern were 
collected. Samples were collected at initial stage 
after 2 minute purging and at final stage after 
completion of all treatment including Ca treatment. 
The steel grade selected for analysis is given below 
in Table 1. 
Table 1 sample collected for analysis 
Heat 
No  
Steel Grade Application YS,MPa UTS, 
MPa 
%El 
HN-1 IS 6240 LPG 
Cylinder 
307 405 38 
HN-2 IS 10748 Gr-1 Welded tube 
& pipe 
300 445 33 
HN-3 IS 10748 Gr-II Welded tube 
& pipe 
330 468 36 
HN-4 HSFQ 450 Automotive 495 598 26 
HN-5 IS 2062 E250 Structural 321 439 30 
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Steel and slag analysis were carried out in 
SPECTROLAB OES analyzers (make M9). Steel 
weight was taken as par indicated by load cell of 
crane, whereas slag weight was calculated on mass 
balance and thickness of slag layer in the ladle 
during ladle treatment. Melting trajectory of slags 
was determined using heating microscope, Misura, 
Italy. In every ladle 1.50 t fresh lime having 
reactivity 358 (avg) & -10 mm fraction around 
26.22% is added after tapping at BOF.  
4. Results and Discussion 
The steel analyses of 5 heats are given below in 
Table 2. For analysis purpose, initial and final 
sample are analysed for percentage 
desulphurisation.  Corresponding slag analysis is 
also given in Table 4. 
 
Table 2 Steel analysis 
  
Sample Stage C Mn P S Si Al Ca MA 
HN-1 LF-I  0.044 0.23 0.023 0.024 0.015 0.021 -- -- 
LF-O 0.052 0.52 0.022 0.008 0.053 0.025 0.0026 0.019 
HN-2 LF-I  0.039 0.23 0.013 0.018 0.088 0.006   
LF-O 0.044 0.36 0.016 0.015 0.157 0.007 0.0029 -- 
HN-3 LF-I  0.058 0.25 0.014 0.008 0.062 0.031   
LF-O 0.068 0.29 0.016 0.004 0.069 0.030 0.0013  
HN-4 LF-I  0.067 0.81 0.028 0.021 0.084 0.013  0.070 
LF-O 0.083 1.19 0.025 0.003 0.274 0.033 0.0023 0.092 
HN-5 LF-I  0.088 0.63 0.024 0.019 0.084 0.033   
LF-O 0.120 0.90 0.025 0.004 0.147 0.035 0.0013  
 
HN- 1, 3 & 4 are aluminium killed steel whereas 
HN-2 are Si-Killed steel and HN-3 is S-Al killed 
steel. In this study, for analysis of 
desulphurinsation, despatch temperature of steel is 
kept at constant i.e in the range of 1580-1590oC. 
Ladle furnace operational parameters of these steel 
is given in Table 3.  
Table 3 Ladle Furnace operating parameters 
 
Sample Ar 
Consm 
Arcing 
Time 
Purging 
Time 
Total 
Treatment 
time 
Steel 
Wt 
Slag Wt Temperature- 
In            Out 
HN-1 24914 12 24 30 278 8.7 1577 1592 
HN-2 34363 18 35 40 275 4.0 1562 1590 
HN-3 25508 15 20 24 283 5.5 1576 1586 
HN-4 28750 7 30 37 288 8.5 1578 1582 
HN-5 40063 14 36 44 284 5.5 1612 1591 
 
 
Melting point of slag plays a vital role in slag 
metal reaction and depends on chemical 
composition of slag and phases present in the 
slags. Melting characterisation of slag shows in 
Table 5, which indicates that initial deformation 
temperature lies between 1170oC to 1340oC. 
Softening temperature is in very closer for Al 
killed steel i.e in the range of 1310-1380oC. Their 
fusion temperature are near to or above 1400oC. 
Around 97% of slag melt at 1400 0C, the solid 
particles left is mainly MgO, Ca3(PO4)2, CaSO4. It 
is found out that the aluminium killed slag 
generally have a very good sulphur partition ratio, 
much higher than the silicon killed slag. Data on 
the slag which obtain for the silicon killed steel 
revealed that the SiO2 percentage in the slag was 
around 25-30 % where as for the aluminium killed 
steel, the slag contained SiO2 percentage around 5 
- 15 %. The sulphur partition ratio of these slags is 
shown in Table 6. 
 
 
Table 4 Slag analysis 
 
 
 
Sample Stage CaO Al2O3 MgO SiO2 FeO MnO SO3 
HN-1 Initial 43.59 31.24 10.6 8.8 1.4 1.74 0.96 
Final 48.52 30.53 9.37 7.8 0.25 0.13 2.2 
HN-2 Initial 49.23 9.73 9.16 22.38 3.2 4.86 0.18 
Final 49.19 10.7 10.97 27.17 0.25 0.32 0.68 
HN-3 Initial 55.14 29.9 6.24 4.8 1.54 1.14 0.73 
Final 56.18 29.05 5.7 11.65 0.21 0.07 1.24 
HN-4 Initial 46.05 26.66 11.59 11.21 0.65 1.63 0.75 
Final 55.24 24.7 9.43 6.95 0.51 0.19 2.19 
HN-5 Initial 46.11 30.89 10.97 7.15 0.78 1.34 1.17 
Final 50.24 31.35 9.03 5.6 0.09 0.09 3.03 
 
Table 5 Meting trajectory of LF Final slag 
 
Sample IDT ST HST FT 
HN-1 1340 1380 1386 1390 
HN-2 1342 1438 1460 1472 
HN-3 1174 1317 1368 1375 
HN-4 1266 1309 1360 1436 
HN-5 1169 1332 1382 1417 
 
Figure 2 Meting trajectory of LF Final slag (HN-5) 
(using FACTSAGE software) 
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Table 6 Slag analysis 
 
 Basicity FeO+MnO Ls % De-S 
HN-1 6.22 0.38 110 66.67 
HN-2 1.81 0.57 18 16.67 
HN-3 4.8 0.28 124 50.00 
HN-4 7.95 0.31 292 85.71 
HN-5 8.97 0.18 303 78.95 
 
Variation of sulpher partition ratio Ls with respect 
to (FeO+MnO) content of slag, Al% in metal and 
basicity (CaO/SiO2) are shown in Figs. 3, 4 and 5 
respectively. 
It was found that low CaO/SiO2 ratio was mainly 
responsible in the slag for low sulphur partition 
ratio. Sulphur partition ratio is increased when  
decrease the FeO+MnO content of the slag, as FeO 
and MnO increase the oxygen potential of the slag, 
so decreasing the FeO + MnO content increases 
the slag desulphurization ability.  
 
 
 
Figure 3 Effect of Al in steel on Ls 
 
 
 
Figure 4 Effect of (FeO+MnO) in slag on Ls 
 
 
 
Figure 5 Effect of basicity of slag on Ls 
 
To get a true representation of sulphur partition 
ratio large no of steel grade and type of killed steel 
was selected over a these period. Fig. 6 shows the 
effect of Al in steel on Ls and its trend line. 
 
 
 
Figure 6 Effect of Al in steel on Ls 
 
5. Conclusion 
Based on data, optimal values of slag parameters 
for best desulphurization in the ladle furnace can 
be very complicated to respect with these 
parameters in steelmaking practice, but in principle 
it is possible to reach them. 
Composition of CaO, Al2O3 and SiO2 and its 
position has been correlated with basicity, it has 
been found that the slag of low basicity have low 
sulphur partition ratio. The sulphide partition ratio 
of the slag was found to obey the exponential 
relation. It is known that desulphurisation is 
improved with slags of higher basicity. Basic slag 
has high content of basic oxides which are network 
breakers with ability to release its oxygen ion (O2-) 
in exchange for the dissolved sulphur in steel. 
Sulphide partition ratio has poor inverse relation 
with FeO+MnO concentration in slag.  
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Abstract: A non-isothermal mathematical model has been developed by coupling genetic algorithm (GA) with 
heat and material balance equations to estimate rate parameters related to the reduction process for a potential 
alternative route of iron making. The process involves treating iron ore-coal composite pellets stacked in three 
layers over the hearth through different temperature regimes in a Rotary Hearth Furnace to produce direct 
reduced iron. The various solid phases evolved at the end of the process are estimated experimentally, and are 
used in conjunction with the model to estimate rate parameters and prediction of the evolution of solid phases 
during the course of reduction.The model predicted phases closely match with the experimental counterparts. 
Estimated low apparent activation energy for wustite reduction step indicated more influence of heat and mass 
transfer on wustite reduction. The apparent thermal efficiency estimated is found to decrease significantly with 
increase in carbon content of the pellet. 
 
Keywords: Genetic Algorithm, Iron Ore-Coal Composite Pellet, Rate Parameters, Rotary Hearth Furnace 
 
1. Introduction 
In this current article, a non-isothermal model 
comprising heat, material balance for multi-layer 
bed Rotary Hearth Furnace (RHF) has been 
proposed. The first order rate parameters have 
been estimated by GA to fit the experimental 
data.  Even though some previous publications 
used similar approaches but those were limited to 
isothermal model and other systems [1-3]. In 
realitymost of the reduction processes are non-
isothermal in nature [4].The present model has 
also taken carbon gasification as the rate 
controlling step. The model prediction then is 
used for estimating the DOR and subsequently 
the apparent thermal efficiency of the process. 
2. Modelling 
The reduction of hematite happens through the 
following steps as presented in Eqs. (1)-(3).All 
these reductions happen by the regeneration of 
CO through carbon gasification reaction, given 
by Eq. (4).  
3Fe2O3  + CO  =  2Fe3O4  +  CO2 (1) 
Fe3O4  + CO  =  3FeO  +  CO2  (2) 
FeO + CO  =  Fe  +  CO2 (3) 
CO2  + C  =  2CO (4) 
The mass balance equations for various solid 
phases may be given by Eqs. (5)-(8), assuming 
first order kinetics for the reduction of solid 
oxide phases.  







RT
HE
HAHC
dt
HdC
exp  (5) 













RT
ME
MAMC
RT
HE
HAHC
dt
MdC
expexp
3
2
 
(6) 

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
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







RT
WE
WAWC
RT
ME
MAMC
dt
WdC
expexp3
 
(7) 







RT
WE
WAWC
dt
FdC
exp  (8) 
 
Where, CH, CM, CW, CF, CCare the concentration 
of hematite, magnetite, wustite, iron and carbon, 
in kgmol / m3. AH, AM, AWand EH, EM, 
EWrepresents the frequency factors and the 
values of activation energyfor hematite, 
magnetite, wustite, conversions, respectively.
 

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M
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eq
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eq
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HQ  
 
QH, QM, Qw are the factors involving the 
equilibrium constants, KH
eq, KM
eq, KW
eq 
representing hematite, magnetite and wustite 
reduction, respectively. The carbon rate 
prescribed by Eq.(9), has been derived 
considering carbon gasification reaction as the 
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rate controlling step, and assuming oxide 
reductions at their equilibrium at a particular 
temperature. First oxygen rate is calculated based 
of rate of conversions of iron oxides and then 
carbon rate can be calculated from equilibrium 
gas composition (C/O ratio) and oxygen 
rate.These equations have six rate parameters as 
unknowns (namely the frequency factors-AH, AM, 
AW and the values of activation energy-EH, EM, 
EWfor conversion of hematite, magnetite, and 
wustite, respectively) and five primary unknown 
(i.e. the concentration of hematite, magnetite, 
wustite, iron and carbon). GA was used to 
estimate the extra unknowns involving the rate 
parameters and using these optimized rate 
parameters, the phase evolution has been 
predicted. The energy balance equation shown in 
Eq. (10) is solved along with the mass balance 
equations to get the transient evolution of 
temperature in the pellet.   
 


i
iHiRTFT
V
A
t
T
PC )()
44
(   
                                                                 (10) 
 
In this, ρ represents the average density and Cp 
the average specific heat of the pellets, 
calculated based on weighted average of the 
solid phase constituents present at any time. The 
temperature T in this equation represents the 
average temperature of the pellets, assuming that 
there is no thermal gradient inside the pellet. TF 
represents the furnace temperature (1250°C).σ 
represents Stefan–Boltzmann constant while ε 
represents the emissivity factor which is taken as 
0.8 for calculation purpose. The term 
 iHiR represents the total heat of the reaction 
where Riis the rate of the ithreaction and ΔHi is 
the heat of the ith reaction. Temperature variation 
of ΔHiand Cphas also been considered[5]. 
2.1 Computation Methodology 
The ordinary differential equations (ODE) 
represented by Eqs. [5]-[10], are simultaneously 
solved using RK-4 method (fourth-order Runge-
Kutta), while mutually interacting with GA.GA 
generates its individuals (set of rate parameters) 
and sends it to the ODE to assess their 
quality.The code ODE evaluatesthe phase 
concentration and subsequently the fitness 
parameter (FP) to qualify the individual by 
tagging a fitness parameter. FP is taken as the 
root mean square difference between predicted 
and experimental values of various solid phases 
after 20 minutes of reduction. The tagged 
individuals are sent back to GA, which 
subsequently evolves the next generation of the 
population. After certain generation, the model 
reaches the lowest possible FP indicating 
convergence, and optimum rate parameters are 
obtained.  
3. Results and Discussion 
All the experiments were carried out with three 
layers of pellets.For deriving layer wise data, say 
forone layer, experimental data for phase 
concentrations is collected only from the top 
layer. Likewise for two layers, average data from 
top two layers are considered etc.  The model is 
fitted separately for one, two and three layers 
system data.  The evolution of concentration for 
various solid phases with the number of GA 
generations for a one layer bed with C / Fe2O3 of 
1.66 has been shown in Figure 1. The predicted 
phases by the model matches with the 
experimentally formulated phase concentrations 
estimated after 20 minutes of reduction with 
increase in the number of generations 
constituting the convergence of GA.  
 
Figure 1 Variation of Hematite, Magnetite, Wustite 
and Iron concentration expressed as wt % with 
number of generations for one layer bed with C / 
Fe2O3 = 1.66. 
Irrespective of the number of layers and carbon 
content in the pellet, the estimated activation 
energy for wustite reduction is found to be 
minimum, as shown in Table 1.Thus itwas 
inferred that wustite conversion is mixed 
controlled with enhanced influence of heat and 
mass transfer. Once the rate parameters for 
different C / Fe2O3 for each layer are obtained, 
the phase evolution and temperature profiles are 
subsequently calculated. 
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Table 1.  Rate parameters estimated for different 
layers and various C / Fe2O3 molar ratios.  
Activation Energy 
C / Fe2O3=1.66 EH   (kJ /mol) EM  (kJ / mol) EW    (kJ / mol) 
One Layer 607.6772 575.151 436.2813 
Two Layer 570.2278 553.6295 424.6302 
Three Layer 566.8524 514.7131 410.4986 
C / Fe2O3=3 
One Layer 607.3212 602.4328 427.2015 
Two Layer 610.917 578.521 410.217 
Three Layer 583.3948 567.6065 382.1477 
 
Figure 2 depicts the extrapolated rate of phase 
evolution for the top layer for C/Fe2O3 ratio of 
1.66 assuming the reduction mechanism to 
remain unaltered beyond the stipulated period of 
reduction of 20 minutes. It is seen that hematite 
drops sharply due to its faster kinetics; while 
magnetite builds up to certain concentration 
before it breaks into wustite. Wustite starts 
growing beyond that point. Later on iron 
generation exceeds the wustite generation, which 
is indicated by a decline in concentration wustite 
and build up in iron. It is to be noted that at any 
time of reduction the iron balance is perfectly 
maintained. 
 
Figure 2 Extrapolated predicted concentrations of 
various phases with time for single layer bed with C / 
Fe2O3 = 1.66 in iron ore-coal composite pellets. 
The transient evolution of temperature in the 
pellet bed for various layers with C / Fe2O3 of 
1.66 has also been calculated as shown in Figure 
3. Initially, the temperature of all the layers 
increased rapidly with time up to ~300 seconds 
(preheating without reduction).Then there is a 
fall followed by an increase in temperature, as 
indicated by the curved evolution of temperature 
during the reduction period. Such temperature 
evolution represents a critical balance between 
the endothermic heat of reaction (latent heat) and 
the sensible heat of pellet in raising its 
temperature. 
 
Figure 3 Transient evolution of Temperature for 
different layers with C / Fe2O3 = 1.66 in iron ore-coal 
composite pellets. 
After a time span of ~3500 seconds, it is 
observed that pellets attain the steady state 
furnace temperature when the heat load in the 
pellets becomes zero indicating the end of the 
reaction. On analyzing layer-wise data, it is 
observed that the single (one) layer achieved a 
higher temperature at the end of preheating 
process or at the onset of reduction process and 
always maintained higher temperature compared 
to that for the two and three layer systems. Three 
layer pellet bed possessedthe higher amount of 
thermal mass, or higher heat capacity (due to 
higher mass and endothermic load) followed by 
two-layer bed and then single layerbed.  
Therefore, the sensible heat rise by three layer 
bed will be less than twoand single layer bed for 
the supply of same amount of external heat. 
3.1 Estimation of apparent thermal 
efficiency 
The apparent thermal efficiency (𝝶) of the 
process has been defined as the ratio of 
theoretical heat to total heat as shown in Eq. (11) 
Heat  T otal
Heat  lT heorit ica
η   (11) 
Total Heat = Sensible Heat + Chemical Heat 
Where, Sensible Heat = heat absorbed during 
preheating (sensible heat prior to reduction) + 
sensible heat absorbed during reduction.  
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Table 2 Apparent thermal efficiency per mol of 
Fe2O3, calculated for different layers of the pellet 
with varying amount of carbon. 
C / Fe2O3 
Total 
heat , 
kJ  
Theor-
etical 
heat , 
kJ  
Apparent 
Thermal 
Efficiency,  
% 
Average 
Apparent 
Thermal 
Efficiency, 
% 
1.66 
One 
layer 
1040 707 67.9 
69.7 
 
 
Two 
layer 
1034 707 68.4 
Three 
layer 
964 707 73 
3 
One 
layer 
1176 707 60.1 
61.1 
 
 
Two 
layer 
1154 707 61.3 
Three 
layer 
1139 707 62.1 
 
Sensible heat absorbed during reduction 
=   dt
t
dt
tdT
TPC 
0
)(
  where, t is the time in 
seconds. Chemical heat is calculated as a product 
of the individual rate of conversions and the 
corresponding heat of reactions. 
Fe2O3 + 3C = 2Fe + 3CO (12) 
The theoretical heat has been calculated from the 
heat of reaction of the overall reaction given by 
Eq. (12), including the sensible enthalpy.  Its 
value has been calculated from Factsage 6.4 as 
707 kJ / mole.The details of apparent thermal 
efficiency calculation are shown in Table 2. With 
the increase in carbon content, the apparent 
thermal efficiency is found to decrease 
significantly when C/Fe2O3 ratio in the pellet is 
changed from 1.66 to 3. This may be attributed 
to the higher extent of carbon gasification and 
heat load when the carbon content in the pellet is 
more.   
 
 
 
 
 
 
 
 
 
4. Conclusions 
The following general conclusions can be drawn 
from the present work: 
(i) A mathematical model has been developed to 
estimate the rate parameters associated with 
Rotary Hearth Furnace (RHF) bycombining the 
optimization tool, Genetic Algorithm (GA) to the 
relevant heat and material balance equations.  
Subsequently evolution of solid phases and 
temperature has been calculated. 
(ii)The estimated apparent activation energy for 
wustite conversion has been found to be lowest, 
possibly indicating a mixed controlled kinetics 
for wustite reduction.  
(iii)The apparent thermal efficiency of the 
process has been estimated using the model 
predicted data and is found to decrease 
significantly by 12.3pct for large carbon-
containing pellets.It was inferred that reduction 
with high carbon containing pellet is less 
efficient due to wasteful carbon gasification 
reaction. 
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Abstract: In the past decade, tundish hydrodynamics during drainage have been investigated by a number of 
researchers numerically to predict drainage vortex formation and slag entrainment phenomena.  Most of the 
studies reported, considered either drainage of an initially stagnant liquid or by imposing an arbitrary initial 
velocity field. This is away from reality and therefore, reported simulations are unlikely to capture the 
influences that pre-existing velocity fields in the tundish are likely to exert on the drainage vortex formation 
phenomena. As pre-existing velocity fields are shown to have pronounced effect on formation of drainage 
vortices, the issue assumes importance and becomes essential. The present study aim to mathematically model 
tundish hydrodynamics embodying the initial filling, steady state operation and final draining /emptying of a 
steelmaking tundish system in a comprehensive manner. To this end, a transient, three dimensional multiphase 
flow calculation procedure has been developed and numerical simulation carried out through ANSYS Fluent™. 
 
Keywords: Slag entrainment, multiphase modelling, vortex formation, tundish metallurgy 
 
1. Introduction 
Tundish, an intermediate reactor in the 
continuous casting process, serves a number of 
purposes to manufacture high quality steel. Other 
than inclusion floatation and providing thermal 
and chemical homogenization, the reactor acts as 
a reservoir as well. This helps during ladle 
changeover, so that continuous steel casting can 
be ensured. However, formation of vortices can 
occur during ladle changeover and tundish 
drainage causing slag entrainment. Efforts to 
understand the hydrodynamics in the tundish 
thus becomes important for cleanliness and 
quality control. 
Slag entrainment can occur via funnel formation 
comprising of a rotational or non-rotational 
component or a mixture of the two.  It has been 
established from the past research that 
entrainment resulting from vortex formation can 
occur even at higher bath heights due to the 
rotational component. This behaviour can be 
attributed to the residual tangential component of 
velocity fields existing in the vessel [1].  
For the case of non vortexing funnel, when the 
outflow capacity of the nozzle is more than the 
flow entering the region around it, a ‘sink’ 
begins to form which results in the supernatant 
fluid getting entrained. This formation of sink is 
independent of diameter of vessel but dependent 
on nozzle diameter, as more the diameter more 
the outflow capacity. Also, non vortexing 
funnels are seen to be strongly dependent on the 
ratio of densities of the two fluids [1]. 
It is therefore necessary to consider the effect of 
pre-existing velocity fields in the tundish on 
vortex formation with giving due consideration 
to the presence of a supernatant slag layer. 
2. Research on numerical modelling of 
tundish hydrodynamics 
Numerous physical investigations have been 
there in the past few decades using analogous 
water –slag equivalent systems as the high 
temperature of steel melt prevents to do any 
physical investigation on steel slag system.  
However, with the advent of high computing 
software in the past years, mathematical 
modelling has become a success which earlier 
took too much time. 
Lai et al. [2] used mathematical modelling to 
solve the three dimensional Navier-Stokes 
Equations. These authors used the model to 
calculate flow fields and verify it through 
numerical experiments. Garcia et al. [3] simulated 
vortex formation in tundish during drainage, but 
their primary aim was to study the flow that 
results in vortex formation. Using a single phase 
model and simulating the upper layer as slag 
they developed a steady state mathematical 
model to study causes of vortex formation. 
Pirker et al. [4] developed a mathematical 
multiphase model to study vortex formation 
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using drainage. Using two immiscible liquids 
such as water and oil and the Volume of Fluid 
(VOF) multiphase modelling method, the flow in 
tundish during drainage was characterised for a 
stagnant bath and also by inducing an artificial 
vortex stimulation. Their study was able to 
reasonably predict onset of slag entrainment.  
The present study aims to study the influence of 
the actual pre-existing velocity field on vortex 
formation that is generated in the tundish due to 
standard steelmaking operations.  
Table 1 Scaled variables: Full Scale vs  Model 
Parameters Full Scale Model 
Inlet flow rate 1.03 tons/min 10.8 lts/min 
Bath Height 1.15m 0.402m 
Outlet Diameter 22.8 and 31mm 22.8 and 31mm 
 
Table 2 Physical properties of various aqueous 
analogues of steel and slag 
 
3. Numerical modelling 
An industrial steelmaking tundish (Figure1) was 
modelled using ANSYS Workbench (λ~0.35). 
The operating conditions for which are specified 
in Table 1. Mustard oil – water system was used 
as equivalent to steel and slag respectively. The 
physical properties of this analogous systems is 
specified in Table 2. In the scaled model, flow 
variables such as velocity were calculated while 
respecting the Froude similarity criterion.  
To model the multiphase phenomena a 3D, 
multiphase model was used with the help of 
computational software ANSYS FluentTM. 
Volume of Fluid method (VOF) was used to 
model the multiphase nature of the flow. The 
mathematical equations for the system then are 
modified by replacing the individual phases in 
the system by mixture variables. E.g. the 
continuity equation changes to: 
𝜕𝜌𝑚𝑖𝑥
𝜕𝑡
+
𝜕
𝜕𝑥
(𝜌𝑚𝑖𝑥. 𝑣𝑥,𝑚𝑖𝑥) +
𝜕
𝜕𝑦
(𝜌𝑚𝑖𝑥. 𝑣𝑦,𝑚𝑖𝑥) +
𝜕
𝜕𝑧
(𝜌𝑚𝑖𝑥. 𝑣𝑧,𝑚𝑖𝑥) = 0                 (1) 
[where mix stands for mixture variables] 
The turbulence in the system was modelled using 
the realizable k-ε turbulence model [5]. To gauge 
the effect of the velocity field, the problem is 
split into two parts. First is drainage under 
stagnant bath conditions (non-existing velocity 
field prior to drainage) and the other is drainage 
after the tundish velocity profile gets established 
after steelmaking operations. This involves 
transient filling of molten steel and slag followed 
by occurrence of steady flow in the tundish and 
then stopping the tundish to allow the metal to 
flow out which captures the effect velocity fields 
can have on funnel (vortex/sink) formation. 
Modelling the second part of the problem is 
complex as it is difficult to achieve steady state 
in multiphase problems. Also, this is quite 
computationally heavy. To make calculations 
simpler a steady state solution was first obtained 
with single phase (water) procedure. The 
resulting solution was patched on top with a slag 
layer with no time delay by pausing the 
simulation. Subsequently, the tundish was 
allowed to drain out via a multiphase transient 
simulation by shutting the inlet and allowing 
drainage. Figure 2 covers the method in detail 
with Figure 3 showing the actual simulations. 
 
 
 
 
 
 
Figure 1 0.35 scaled model of industrial tundish 
4. Results and Discussion 
Comparison of results of the drainage under 
stagnant bath, and under a velocity flow profile 
show onset of entrainment at a higher bath height 
for the latter case. However, simulations show a 
similar pattern of development of funnel in both 
cases. Figure 4 shows development of funnels 
for the case of a tundish with diameter 31mm 
draining under pre-existing velocity field flow. 
The funnel development starts by formation of a 
dimple at water and mustard oil interface, 
progressing towards nozzle diameter and 
eventually causing entrainment. As expected, the 
bath height measured at this critical height of 
funnel formation is higher than drainage under 
stagnant bath conditions. The formation of 
vortex depends on the velocity profile in the 
tundish as a residual component of velocity 
causes early onset of slag entrainment. 
  Density, (kg/m3) Viscosity, Pa.s 
System 
Primary 
Phase 
Secondary 
Phase 
Primary 
Phase 
Secondary 
Phase 
Steel-Slag 7800 2500 0.0077 0.18 
Water- 
Mustard Oil 
1000 919 0.001 0.07 
373 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a)                                                                                       (b) 
                  (c) 
Figure 3(a): Water velocity vectors post steady state solution, 
 (b) Mustard oil volume fraction contours showing the top patched layer, 
 (c) Multiphase velocity vectors immediately after Stage 3 (drainage while inlet being closed) 
Stage 2: Upper phase patching 
Stage 3: Transient 
simulation 
Figure 2 Schematic representing numerical model of the problem under consideration 
3D, Turbulent, VOF Multiphase model 
Assumptions: Newtonian fluid, Incompressible 
Turbulence Treatment: Realizable k-ε model 
Stagnant Bath Drainage Drainage with pre-existing velocity flow field 
Steady State Single Phase Computation 
with water (steel equivalent) Boundary Conditions:  
Tundish free surface – wall (no slip) 
Outlet- Pressure outlet 
Inlet: Velocity inlet: Flow 10.8lts/min 
Boundary Conditions: 
 Tundish free surface – pressure inlet 
(air) 
Outlet- Pressure outlet 
Velocity inlet closed 
Solution paused; patched upper part of 
tundish with 10 mm thick mustard oil with 
similar velocity to that of replaced water 
Tundish drainage and transport funnel formation 
Boundary Conditions Change:  
Velocity Inlet Closed, Free surface: wall–> 
pressure inlet air 
Multiphase simulation: flow under 
presence of velocity field 
Stage 1: Determination of velocity field 
Multiphase simulation: free flow  
under gravity 
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Figure 4    Evolution of a transport funnel in 31 mm outlet diameter tundish:  
from a dimple to a fully developed funnel 
 
However, the velocity profile is highly 
dependent on the presence of flow control 
devices, outlet dimension and position, tundish 
dimensions and the presence of turbulence in the 
system. Changes such as eccentricity of outlet 
position causes more imbalance due to departure 
from the symmetry of the problem. Results show 
that introducing asymmetry increases the critical 
height of formation of transport funnels. This 
may occur due to increase in residual tangential 
component of velocity field resulting from 
absence of symmetry. Thus, any changes to the 
tundish should be carried out after complete 
analysis of fluid flow. 
The VOF model is found to adequately represent 
the hydrodynamics in a tundish. This method has 
been used in past researches to model multiphase 
flows. However, in a stochastic process such as 
this, deviations are still found from the   physical   
 Model experiments. Other factors such as 
emulsification and shear forces also contribute 
towards slag entrainment whose effect has not 
been taken in this study.  
 
 
 
 
 
 
 
 
 
 
 
5. Conclusions 
Physical model results have indicated that 
knowledge of pre-existing, residual flows in 
tundish is important in the modelling of such 
phenomena as, vortex formation during 
emptying. A multiphase, turbulent flow model of 
vortex formation during embodying pre-existing 
flows during tundish emptying has been 
developed . There is general indication that the 
mathematical model produces estimates which 
are in reasonable agreement with physical model 
results. 
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Abstract: Inclusion removal is a concern for steelmakers because the high-quality requirements and 
productivity in the continuous casting. In this study a detailed analysis of the inclusion removal percentage in a 
coupled system (the tundish, nozzle and mould) was undertaken. The study was carried out using a 3D 
mathematical model solved by a commercial software. The results show that around 50% of the inclusions are 
removed in the tundish by fluid dynamic effects and an additional 10% due to buoyancy force. In the nozzle, 
most of the deposited inclusions are the smallest in size, because these inclusions are in higher percentage than 
the bigger ones. The lowest inclusion removal occurs inside the mould at a rate of approximately 3%. These 
remain even if the slide gate aperture is considered. 
 
Keywords: Coupled tundish-mould system, inclusion removal, nozzle inclusion deposition, CFD modelling 
 
1. Introduction 
High quality steels requires the minimization of 
the non-metallic inclusions during the secondary 
refining, and the continuous casting. In the last 
few years, the tundish has increased considerably 
the inclusion removal rate by using flow control 
devices[1-5]. Nevertheless, some of the inclusions 
reach the nozzle and get deposited on typical 
nozzle zones producing the clogging 
phenomenon[6-14]. In the mould it has been 
reported that larger inclusions are more easily 
removed than smaller inclusions because its path 
length is longer[15-18]. 
Despite of all previous research, the fluid 
dynamic effects on the inclusion removal has not 
been analysed as a coupled system, which is the 
main objective of this work, considering also the 
slide gate aperture effect. 
The mathematical model was developed using 
unsteady state and isothermal conditions in 3D, 
employing the continuity equation, Navier-
Stokes equations, standard k- model, and the 
Lagrangian Discrete Phase model (DPM) 
through the commercial ANSYS-FLUENTTM 
package. For the analysis, 2000 inclusions of 
each size were added at the ladle shroud. It was 
considered a deposition condition at the tundish 
free surface, nozzle wall and mould free surface, 
considering two apertures for the slide gate. 
 
 
Table 1 Global Inclusion removal percentage. 
Place 100% slide gate open  50% slide gate open  
Whole 
system 
80.2 83.3 
Tundish 59.4 58.1 
Nozzle 16.5 22.2 
Mould 4.3 2.9 
 
2. Mathematical modelling 
3. Steelmaking process modeling 
The inclusion removal rate for the whole coupled 
system and each of the reactors and the nozzle 
were analyzed for both slide gate apertures. 
3.1 Global inclusion removal analysis at the 
coupled system  
To start the study, Table I shows the inclusion 
removal rate, considering the total of the added 
inclusions, for the whole system and for each 
reactor and the nozzle, emphasising on the effect 
of the slide gate aperture on the inclusion 
removal. From the results, it can be seen that the 
slide gate aperture only impacts significantly the 
inclusion removal rate in the nozzle, and that the 
tundish removes more than half of the inclusion 
for both apertures. For this reason, in the 
following section, a detailed fluid dynamic study 
for the tundish using the slide gate full opened is 
done. 
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Figure 1 a) Velocity vectors profile in a lateral view of 
the tundish, b) inclusion removal distribution at the 
bath level 
 
 
Figure 2 Fit for the inclusion removal percentage 
considering the slide gate aperture at 100%. 
 
 
Figure 3 (a)-(b) Inclusion distribution at the nozzle 
wall, (c) fit for the inclusion removal percentage 
considering both slide gate apertures 
3.2 Inclusion removal in the tundish 
To understand the inclusion behaviour in the 
tundish, Fig. 1 is included. This shows a lateral 
view of the velocity vectors field, and the 
removed inclusion distribution at the free surface 
for inclusion with random sizes. The results 
show that about 86% of the inclusion are 
removed before the dam (section 1), due to the 
fluid flow patterns induced by the inhibitor and 
dam which redirect the inclusions to this zone. 
From those inclusions surpassing the dam, 
around 90% are dragged to the outlet by vortex 
as well as by short circuit flows [19-21]. 
 
Figure 4 Profiles along the nozzle considering both 
slide gate apertures: a) velocity magnitude, and b) 
turbulent kinetic energy 
 
To establish analytically the effect of the 
inclusion size in the removal percentage in the 
tundish, in Fig. 2. the removal profiles before 
and after the dam were fitted as function of the 
inclusion diameter (d), 𝑓(𝑑) =  𝑎 +  𝑏𝑑3, with 
𝑎 and 𝑏 constants. It is seen that 𝑏 has the same 
value for both profiles, being possible to 
associate the 𝑏 𝑑3 term to the inclusion removal 
percentage attributed to forces depending on the 
inclusion size. On the other hand, the constant 𝑎 
can be associated to the inclusion removal 
percentage attributed to the flow forces, since 𝑎 
is equal to 49 before the dam and 6.2 after the 
dam. This indicates that about 50% of the 
inclusion are removed only by fluid-dynamic 
effects before the dam and only 6% after the 
dam. Even the high inclusion removal percentage 
in the tundish, some of the inclusions reach the 
nozzle and get deposited inside its inner wall. 
3.3 Inclusion deposition on the nozzle wall 
considering the slide gate aperture 
The analysis of the inclusion deposition 
percentage shows that there are three main 
inclusion deposition zones: at the entry zone of 
the UTN, before the slide gate, and at the SEN 
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ports, Fig. 3(a-b). Additionally, in Fig. 3(c) it is 
observed that the inclusion removal percentage is 
bigger when the slide gate aperture is open at 
50%, due to an increase in the velocity and 
turbulent kinetic energy magnitude (Fig. 4), both 
variables have been related to the inclusion 
deposition, this late phenomenon has been 
shown in detail in a previous work[11]. 
Moreover, the results show in Fig. 3(c) exhibit a 
descending lineal tendency of the inclusion 
deposition percentage for both apertures. If the 
profiles are fitted using the equation 𝑓(𝑥) =
 𝑎1 + 𝑏1𝑑, whit 𝑎1 and 𝑏1 constants; it is 
observed that the term 𝑎1 represents the fluid 
dynamic effects on the inclusion removal 
percentage since it does not depend on the 
inclusion diameter as the term 𝑏1𝑑 does. The 𝑏1𝑑 
term does not show any effect in its value 
induced by the slide gate aperture; however, 
when the slide gate aperture is half opened the 
fluid-dynamics is strongly affected making the 
term 𝑎1 value bigger. Comparing the magnitude 
of both terms, for the bigger inclusion size, their 
values are in the same order of magnitude since 
𝑎1 is equal to 26 and 𝑏1𝑑 is equal to 11 
indicating an apparently strong effect of the 
inclusion size on the inclusion deposition 
percentage. 
 
 
Figure 5 Global inclusion deposition percentage 
considering the total of inclusions that reach the 
nozzle as the 100% for each size 
 
It needs to be noticed that these percentages were 
calculated considering as 100% the total amount 
of the inclusions fed at the ladle shroud, then, if 
these percentage are recalculated considering as 
100% the amount of each inclusion size that 
reached the nozzle, the inclusion removal 
tendency behaves in a different way, Fig. 5. In 
this figure, it is evident that the deposited 
inclusion percentage is not strongly affected by 
the inclusion size; this implies that the 
interpretation of the Fig. 3(c) is not correct since 
these results are a consequence of smaller 
inclusions reaching the nozzle in a greater 
abundance than the bigger inclusions do. 
 
 
Figure 6 Velocity contours in two transversal planes: 
[c), d)] at a position just below the exit SEN ports, and 
[e), f)] close to the jets impact points on the narrow 
faces 
3.4 Slide gate aperture effects on the inclusion 
removal percentage in the mould 
This analysis starts with a study of the slide gate 
aperture effects on the fluid-dynamics inside the 
mould. For this, Fig. 6. shows the velocity 
contours just below the exit SEN ports (Fig. 6a-
6c) and close to the jets impact points on the 
narrow faces, see Fig. 6b and 6d, respectively. 
The results with the slide gate full opened show 
good symmetry on the jets behaviour since both 
are centred; however, with the other aperture, the 
jets present a clear asymmetry on their behaviour 
since the left jet has higher velocity and both are 
deviated towards the external mould wall 
impacting the narrow faces very close to this 
wall. 
To analyze the flow variations considering both 
apertures, the flow velocity was analysed 
employing a velocity vectors profile at the bath 
level (Fig. 7a-c). When the jets are centred, the 
meniscus is fed quite symmetrically for the fluid 
coming from the narrow faces; however, when 
the slide gate is 50% opened, the meniscus is fed 
with a fluid tendency toward the external mould 
wall inducing a big recirculation close to each 
narrow face and generating an asymmetric 
behaviour in the meniscus related to the velocity 
profiles. Even this, is in the mould where there is 
the lowest inclusion removal percentage which is 
not significantly affect by the discussed flow 
patterns as can be seen in in Fig. 7(b-d) and 
Table 1. 
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Figure 7 (a), (b) Velocity vectors profile at the bath 
level, (c), (d) velocity profiles in three longitudinal 
lines along the mould bath level, and [e), f)] Inclusion 
distribution at the mould bath level 
4. Conclusions 
The higher inclusion removal percentage takes 
place at the tundish, where the turbulence 
inhibitor and the dam promote an inclusion 
removal rate bigger than 50%, being their main 
effect before the dam. 
The inclusion removal rate profile in the tundish 
can be fitted by a function 𝑓(𝑑) =  𝑎 +  𝑏𝑑3, 
where 𝑎 is the contribution attributed to any flow 
effect and the 𝑏𝑑3 term is the contribution 
attributed to the forces depending on the 
inclusion size. Employing this function, it was 
determined that, only by fluid-dynamic effects 
50% of the inclusions are removed before the 
dam and only 6% after the dam. 
The typical inclusion deposition zones in the 
nozzle were identified without changes in their 
position by the influence of the slide gate 
aperture. Additionally, if the slide gate aperture 
is considered, the inclusion depositions 
percentage increases. 
The inclusion removal percentage in the mould 
represents only around a 4% of the global 
removal in the coupled system with a very small 
increment (1%) by the effect of the slide gate 
aperture. 
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Abstract:With an increasing emphasis on the quality steel production in a steel plant, optimization of interlinked 
process parameters of ladle, tundish and caster operations assumes significance. The superheatavailable at the caster 
significantly influences the operating practices of a caster like casting speed, which in turn affect the teeming rate 
from ladle. The large superheat produces higher segregation, and sometime leads to breakouts, that interrupts the 
casting operations. In contrast, a low superheat leads to the issues like nozzle clogging, entrapment of inclusions and 
mold sticker formation. Therefore, managing superheat assumes significance at the caster which can be achieved by 
predicting the variation of the superheat with different operational parameters and subsequently controlling it. In this 
work, we present a fast prediction model for the prediction of tundish outlet temperature. The validated 
Computational Fluid Dynamics (CFD) model is utilized to generate data. Utilizing regression techniques, a reduced 
order model is developed for fast prediction of the tundish outlet temperature for different process parameters.  
 
Key words:tundish, CFD, thermal modeling, regression 
 
1. Introduction 
Tundish is a reservoir which transforms the batch 
operation in a ladle to the continuous operation in 
the caster. It also helps in moderating the 
temperature before presenting the liquid melt to the 
castermold. The aim of the present work is to study 
different aspects of thermal phenomena happening 
inside the tundish and predict the outlet 
temperaturein a fast but accurate way.  
As mentioned above, tundish functions as a 
reservoir to moderate the superheat available at the 
caster. Superheat at the caster impacts various 
operating practices at caster such as casting speed 
thus affecting productivity. Therefore, 
maintenance of superheat in a desired range is 
necessary. Various researchers have studied the 
thermal aspects by incorporating different 
methodologies. Sarkar and coauthors [1] have 
attempted a 3-D model for five strands asymmetric 
tundish filling of the tundish and relevant heat 
losses during the filling period. Okura and 
coauthors [2] have developed an integrated gray 
box model in which they integrated the first 
principle model with the statistical model to 
predict the single tundish outlet temperature. 
Goston and coauthors [3] have created a finite 
element model (FEM) based model for prediction 
of mean temperature at the tundish outlet. 
Above studies estimate the single temperature at 
the tundish outlet. However, in realty, temperature 
varies with time as there are thermal losses from 
the tundish and more importantly ladle teeming 
stream temperature itself varies significantly with 
time. Only a few studies have been carried out to 
capture the existing transient phenomenon. 
Chakraborty and coauthors[4] have studied the 
effect of variable temperature in the incoming 
liquid streamon the temperature in the tundish. 
Pardesi and coauthors [5] and Singh and Coauthors 
[6] have developed a CFD based thermal model for 
prediction of the tundish outlet temperature and 
validated it with plant experiments. These studies 
are useful in estimating the transient outlet 
temperature but due to their CFD based method, 
they are not useful in plant control applications as 
they require longer computational time. Such 
applications require fast prediction models. 
Therefore, in this work, we present a fast 
prediction model for prediction of transient 
superheat profile at the caster. The model is 
developed by employing regression technique on 
the generated data by the validated Computational 
Fluid Dynamics (CFD) based model. Fast 
prediction model results are then compared with 
the corresponding CFD simulation results for a 
new test dataset. The model can be extended for 
the plant control operations. 
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The rest of the paper is arranged as follows: First, 
the adopted methodology for generating a fast 
prediction model is presented in the Section 2. In 
the Section 3, key results of CFD-based thermal 
model fast prediction model and validation of both 
CFD and fast prediction model is presented 
following that we have summarised the work.  
2. Methodology 
First, a 3-dimensional transient mathematical 
model for tundish has been developed using 
ANSYS-Fluent. A set of Navier-Stokes equations 
have been solved to investigate the dynamic 
behavior of the flow and thermal behavior. The 
CFD computations are performed for an industrial 
scale tundish having two dams to modulate the 
flow behavior of liquid steel inside it. The portions 
near the inlet and outlet are refined with finer 
grids. Changed size grids are tried for achieving 
simulation results independent of the 
computational grids. The model is validated with 
the plant measurement data.  
Following that a fast prediction model is 
developed. The objective of the fast prediction 
model is to predict the tundish output temperature-
time profile for a given inputconditions. The 
procedure for the creation of the model is as 
follows: The validated model described above is 
used to carry out different parametric studies to 
find the key operational parameters that affect the 
thermal behavior inside thetundish.  After 
determining the key parameters, Taguchi[6]design 
of experiments method is used to generate aset of 
experiments for the creation of training 
datasets.Total 16 experiments are considered to 
capture different casting speed and ladle 
operational parameters like holding time, 
turnaround time, and slag layer thickness in the 
farm of ladle teeming temperature profiles. For all 
the datasets CFD computations are performed. 
Thus, a training dataset is created by taking the 
outlet temperature as the output of CFD 
simulations and associated inputs parameters. The 
tundish outlet and inlet temperature are normalized 
in terms of percentage of liquid metal teemed from 
ladle into tundish. For simplicity,the total teeming 
duration is divided into 10 equal parts i.e.from 0 
to100%.  The inputs of the training data at 
particular duration are the initial liquid metal 
temperature in the tundish (single temperature 
value), the start temperature of ladle teeming and 
the teeming temperature at particular duration 
under consideration. The output is the outlet 
temperature at the particular duration, for example 
when 10% of ladle liquid poured in the tundish. 
The outlet temperature is individually fitted against 
the corresponding input parameters in the training 
datasets using linear regression technique for each 
of the durations mentioned above. Following isthe 
generic regression equation used: 
  (1) 
where, Y is outlet temperature at different % of 
ladle liquid steel poured, a1, a2, a3are theregression 
coefficients; x1, x2, x3 are input processparameters 
(initial teeming temperature, teeming temperature 
at % liquid poured, initial tundish temperature 
respectively); b is the intercept constant.The 
coefficients obtained are then used to predict the 
output for an unknown input data i.e. the test 
datasets. Resultsare then compared with the results 
of corresponding CFD simulations. The detailed 
procedure of regression technique can be seen by 
the reader in the author’s previous publication [7]. 
3. Key results and analysis 
3.1. Validation of CFD model 
CFD simulation results are compared with the 
plant measurements to check the correctness of the 
model. On a particular day, four continuous heats 
of the plant are used for recording the 
measurements. The very first initial heat is 
neglected owing to tundish stabilization issues and 
second to fifth heats are considered for 
measurements. Figure 1 shows the comparison of 
the tundish outlet temperatures at a different time 
intervals for the second heat of the day. It is seen 
from the figures that the predictions are matching 
satisfactorily. Similar comparisons are performed 
for other heats and the simulation results are found 
to be fairly matching (not shown here). The 
detailed validation can be seen in the 
author’s another submitted paper [8]. 
3.2. Key results and analysis 
As discussed earlier, the parameters that affect the 
thermal behavior of tundish are determined by the 
CFD simulations. The parameters which play a 
significant role in predicting tundish outlet 
temperature profile are the input temperature 
i.e. the ladle teeming temperature of the liquid 
steel and the initial temperature of the liquid metal 
in the tundish at the start of the ladle teeming. The 
initial liquid steel temperature profile of the 
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tundish is usually the temperature profile present at 
the end of the ladle teeming or the start of the 
subsequent ladle teeming (assuming there is a no 
delay between the two subsequent ladles). To 
compare the effect of initial temperature of tundish 
on the tundish outlet temperature, three cases are 
simulated. In the first case, the transient thermal 
profile of the tundish at the end of previous ladle 
teeming is considered (taken from the CFD study). 
The profile for the other two cases is generated by 
utilizing steady-state CFD simulation with the 
input temperature taken as the average temperature 
of the ladle teeming temperature for the last 
5minutes and 10 minutes. In the Figure 
2comparison of results is presented for the 
discussed three cases. It can be seen from the 
figure that the temperature profile results barring 
initialfew minutes, all the three cases have 
identical temperature profile. Therefore, it can be 
concluded from the results that the availability of 5 
minutes or 10 minutes’ average temperature at the 
last sage of teeming is sufficient for predicting the 
final profile of the tundish outlet temperature. 
 
 
Figure 1 Comparison of tundish outlet temperature 
profile with the plant measurements. (Heat 2) 
 
 
 
Figure 2 Tundish outlet temperature profile for the 
three cases of initial thermal profile of the tundish 
 
Figure 3 Comparison of ladle teeming inlet temperature 
and tundish outlet temperature (casting speed 2.18 
m/minute) 
As mentioned earlier, ladle teeming stream 
temperature has a direct relationship on the tundish 
outlet temperature. Comparison of ladle stream 
temperature and tundish outlet temperature is 
presented in Figure 3. Ladle teeming stream 
temperature is affected by multiple factors in the 
ladle circulation cycle preferably tapping 
temperature, holding time, teeming time, slag layer 
thickness. Several other minor factors also 
influence the ladle teeming temperature as 
presented by Deodhar and coauthors [9]. For 
simplicity, in this study, we have taken the ladle 
teeming stream temperature profile (from the 
results of teeming CFD simulations[8]) as the input 
to the tundish which incorporates cumulative 
effects of all the mentioned factors. It can be seen 
from figures that the temperature variation 
between the inlet and outlet is wide at the start and 
with time outlet temperature pattern follows the 
temperature pattern of inlet temperature with an 
almost fixed difference. The difference is mainly 
due to thermal losses happening in the tundish. It 
can also be seen from the figures that time taken to 
achieve a profile similar to the inlet decreases with 
the increase in casting speed. This is due to the fact 
that the residence time of the liquid metal is 
reduced by the increase in casting speed. Thus, the 
volume of fresh liquid metal coming from the ladle 
is high which leads to an early reach of the profile 
similar to the inlet. Further, it is observed that the 
tundish acts as a temperature regulator [8], as 
towards the end of ladle heat, the temperature of 
the ladle teeming stream temperature drops rapidly 
but outlet temperature does not get affected much. 
After creating a regression model by the data 
generated for 16 experiments. The generated 
regression coefficients are then used for the 
prediction of tundish outlet temperature data for a 
new set of test datasets. In the Figure 4, the 
difference between the predicted temperature and 
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CFD simulation results is plotted for the seven set 
of test cases for different level of ladle liquid melt 
teemed into tundish.  It can be seen from the figure 
that the maximum temperature difference is around 
4 K, and majority of the predicted temperatures are 
very close to the actual results.  
 
 
Figure 4 Difference between predicted and CFD 
simulation results of tundish outlet temperature for 
different test data 
 
 
Figure 5 Comparison of predicted and CFD simulation 
results of tundish outlet temperature for two test cases 
In Figure 5, the tundish outlet temperatures results 
of fast prediction model and CFD model are 
compared for two test cases. It can be seen from 
the figure that the predicted temperature profiles 
from the fast prediction modelarematching 
satisfactorily with the temperature profiles of CFD 
simulation. It can also be seen that two drastically 
different type of temperature profiles are well 
captured by the predictions.Hence, it can be 
concluded that the developed fast prediction model 
can be extended or utilized in a control 
operationsof the steel plant caster. 
 
 
 
 
 
 
4. Concluding remarks 
In this work, we have briefly presented a CFD 
model to predict the thermal behavior of the 
Tundish operation in a steel plant which is then 
used to generate training datasets. The CFD model 
is validated with the plant data and temperature 
results have been found to match well. Process 
parameters like teeming temperature profile, initial 
liquid metal temperature at tundish, casting speed 
are identified as key parameters that affect outlet 
temperature.The predictions from the fast 
prediction model are found to match satisfactorily 
for the new set of inputs with maximum error of 
around ±5 K.  
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Abstract: In order to improve liquid steel cleanliness and enhance non-metallic inclusion removal, flow control 
devices have been widely used in steel continuous casting tundishes, including turbulence inhibitors, impact pads 
and baffle combinations, etc. In this study, the fluid flow phenomena in a four-strand billet caster tundish were 
investigated by physical modelling. Different flow modifiers were considered, including a standard impact pad, a 
high impact pad, and a rotational flow modifier (RFM). The effects of inclusion particle size and throughput on 
inclusion floatation rate were also examined. The velocity field inside the flow modifiers was measured by a Time 
Resolved Particle Imagine Velocimeter (TR-PIV). By evaluating the inclusion floatation rates in combination 
with the flow pattern measurements, an optimized tundish flow control device has been proposed for the steel 
industry. 
 
Keywords: physical modelling, tundish, inclusion removal, rotational flow modifier (RFM) 
 
1. Introduction 
In recent years, tundish performance has played an 
important role in enhancing steel quality during the 
continuous casting procedure. The internal 
structure of tundish has a significant influence on 
the liquid steel flow field, and in turn, on 
non-metallic inclusion flotation and separation, 
temperature and chemical composition control, etc. 
Researchers have designed various kinds of flow 
control devices (FCD) in recent decades, such as 
dam-weir, turbulence inhibitor, etc., and any 
combination of these items[1]. These FCD’s act as 
resistive walls to the fluid flow, thus controlling the 
fluid flow patterns compared to a bare tundish, by 
creating more homogeneous flow, distributing 
molten steel evenly to all strands and redirecting 
the flow upwards[2-4], hopefully enhancing 
non-metallic inclusion captured by tundish slag 
layer. Chattopadhyay et al. [5] performed CFD 
simulations for inclusion removal of eighteen 
different tundish designs, and concluded that 
increasing the height of the pad can reduce the 
inclusion content of the steel, and an optimized 
high impact pad was proposed. Additionally, 
centrifugal flow tundish (CFT) was developed by 
Miki, et al.[6] in 1996. In CFT systems, inclusion 
removal was enhanced by rotational flow patterns 
which was created by an external traveling 
electromagnetic field. However, high CAPEX and 
high energy consumption restricts the scope of its 
application. Qiang, et al.[7] studied the water 
modelling of the swirling flow tundish (SFT), 
which consisted of a swirling chamber (SC) to 
produce rotational flow fields by leading the liquid 
to the SC through a tangential inlet without 
additional electromagnetic field. The results 
indicated SFT had advantages in flow field control 
and inclusion removal compared to a tundish with a 
turbulence inhibitor. 
Based on this idea, a novel design of a flow control 
device, Rotational Flow Modifier (RFM), was 
proposed and investigated in this paper. RFM 
utilizes the kinetic energy of the gravity driven 
incoming liquid steel, to create a rotational flow 
pattern surrounding the ladle shroud inside the 
RFM. Inclusion removal efficiency by RFM was 
tested by physical modelling. The effect of high 
impact pad, proposed by Chattopadhyay [5], was 
compared and evaluated by physical modelling. 
2. Experimental principle 
2.1 Similarity principle 
In the present physical modelling studies, water 
was used as the media to simulate the liquid steel in 
a 1:3 scale system (λ=1/3), because of its similar 
kinematic viscosity as that of liquid steel. Not only 
geometrical similarity but also dynamic similarities 
were required to be satisfied between the reduced 
scale model and the full-scale prototype. The fluid 
flow in the tundish is dominated by gravitational 
forces and inertial forces, thus the similarity of 
Froude number was maintained in this case. 
Therefore, the relationship of the inlet flow rate in 
the physical model (Qm) and the prototype (Qp) can 
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be expressed as: 
𝑄𝑚 = 𝑄𝑝λ
5/2                (1) 
 
Since the scale factor λ is given, the experimental 
inlet flow rate of water was calculated from the 
actual throughput of liquid steel from the ladle. 
2.2 Similarity criteria for inclusion removal 
The flotation of particles in the liquid can be 
characterized by Stoke’s law. The rise velocities of 
inclusions in the model (Vinc,m) and the prototype 
(Vinc,p) will be: 
𝑉𝑖𝑛𝑐,𝑚 =
2𝑅𝑖𝑛𝑐,𝑚
2 𝑔(𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌𝑖𝑛𝑐,𝑚)
9𝜇𝑤𝑎𝑡𝑒𝑟
      (2) 
𝑉𝑖𝑛𝑐,𝑝 =
2𝑅𝑖𝑛𝑐,𝑝
2 𝑔(𝜌𝑠𝑡𝑒𝑒𝑙 − 𝜌𝑖𝑛𝑐,𝑝)
9𝜇𝑠𝑡𝑒𝑒𝑙
        (3) 
where, Rinc,m is the radius of the inclusions in the 
model; Rinc,p is the radius of the inclusions in the 
prototype; g is acceleration of gravity; ρwater and 
ρsteel are the density of water and liquid steel; ρinc,m  
and ρinc,p are the densities of the inclusion in water 
model and the prototype, respectively. 
According to Froude number criteria, the ratio of 
the rise velocities of inclusions for the model and 
that for prototype need to follow the same ratio as 
the water velocity and liquid steel velocity Since 
the the kinematic viscosities of water at room 
temperature, and that of steel at 1600ºC are almost 
same, the relationship of inclusion size and density 
in the water model and prototype can be obtained 
by combining the Eq. (2) and Eq. (3), shown in Eq. 
(4), 
𝑅𝑖𝑛𝑐,𝑚
𝑅𝑖𝑛𝑐,𝑝
= 𝜆0.25 [
(1 −
𝜌𝑖𝑛𝑐,𝑝
𝜌𝑠𝑡𝑒𝑒𝑙
)
(1 −
𝜌𝑖𝑛𝑐,𝑚
𝜌𝑤𝑎𝑡𝑒𝑟
)
]
0.5
     (4) 
2.3 Dynamics of the rotational flow modifier 
(RFM) 
Traditional flow control devices, such as dams, 
weirs, baffles, impact pads and turbulence 
inhibitors, are mainly designed for inhibiting and 
dissipating the inlet turbulent energy near the ladle 
shroud and then forming a homogeneous flow 
downstream inside the tundish. However, the main 
objective of this innovative rotational flow modifier 
is to utilize the strong incoming liquid steel kinetic 
energy to form useful rotational flow patterns 
inside the RFM, to promote non-metallic inclusion 
separation and removal. The RFM is designed to 
convert the vertical kinetic energy of the fluid to 
rotational kinetic energy smoothly by the built-in 
channel inside the RFM base; then the fluid flows 
out of the RFM base in the tangential direction 
along the RFM sidewalls, to form rotational flow 
patterns inside the RFM. While the fluid is flowing 
in the rotational direction, the pressure gradient in 
radial direction builds up, providing the centrifugal 
force, fc, for fluid elements to move in rotational 
direction, which can be described in Eq. (5). The 
inclusion particles are also moving with the bulk 
fluid and sharing the same pressure gradient as the 
neighboring fluid. Since the density of the 
non-metallic inclusion is less than the bulk fluid, 
the centrifugal force provided by fluid pressure 
gradient on the particles will be more than required 
amount for rotational movement. As a result, the 
surplus force imposed on inclusion particles by the 
pressure gradient will become a driving force, 
defined as centripetal force in this paper fp, to push 
the particle in the radial direction during rotating 
movement, defined in Eq. (6). Here V is the volume, 
vt is the tangential velocity, R is the rotational 
radius.  
𝑓𝑐 = 𝜌
𝑣𝑡
2
𝑅
𝑑𝑉              (5) 
𝑓𝑝 = (𝜌 − 𝜌𝑖𝑛𝑐)
𝑣𝑡
2
𝑅
𝑑𝑉𝑖𝑛𝑐        (6) 
3. Experimental equipment and procedures 
Experiments were performed in a 1/3rd scale model 
of a four-strand steelmaking tundish, based on 
Froude Number similarity criterion. The tundish 
model was manufactured by using acrylic plastic 
material, and a a schematic diagram and 
dimensions of the physical model are shown in 
Chattopadhyay’s thesis [5]. In the present study, four 
types of tundish structure were considered: 1) the 
bare tundish, 2) the tundish with a standard impact 
pad (SIP), which is being used in the steel plant, 3) 
the tundish with a high impact pad (HIP), proposed 
by Chattopadhyay et al. [5] 4) the tundish with a 
rotational flow modifier (RFM). The RFM has a 
big-top and small-bottom circular truncated 
cone-shape geometry. The downwards incoming 
fluid was collected by funnel-shaped opening at the 
centre of the RFM base and then fluid entered the 
internal channel inside the base of the RFM, which 
led the fluid to flow out at the tangential direction 
along the RFM inner sidewall. By this way, steady 
rotational flow pattern would be formed inside the 
RFM; then the fluid flew out of the RFM through 
several round openings on the RFM sidewall. The 
liquid steel was simulated by water, while the slag 
phase was simulated by maize oil, which was used 
to captured the particles injected into inlet water 
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stream. The water level inside the tundish was 
0.19m, and the thickness of the oil layer was 0.01m. 
Experiments were conducted under three different 
throughputs: 8L/min, 10L/min and 16L/min. 
High-density polyethylene (HDPE) particles of 
density 0.95kg/m3 were used to simulate 
non-metallic inclusions in the steelmaking process. 
In this study, HDPE particles with two different 
size range were selected: one is 26~ 28μm, 
representing 10~13μm inclusion in the prototype, 
and the other is 100~150μm in the model, 
representing 40~70μm in the prototype, according 
to the calculation by Eq. (4). HDPE particles was 
weighed and mixed with water and a small amount 
of surfactant (ratio 1:5000) in a 150ml syringe to 
form stable slurry; then the slurry was injected into 
the incoming water stream through the ladle shroud. 
Once the particles reached the slag layer in the 
tundish by floatation, they would be captured by the 
slag layer and removed out of bulk fluid flow. The 
particles flowing out of the outlet with water and 
entering SEN were collected by 25μm-opening 
stainless steel sieve. After desiccation process, the 
collected particles were weighed again, then the 
particle removal efficiency in the tundish would be 
calculated by equation (7).  
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)
= (1 −
𝐴 
𝐵
) × 100%       (7) 
where, A is the mass of the total collected particles 
at the outlets; B is the mass of the particles injected 
into the tundish through the ladle shroud. 
4. Results and Discussion 
4.1 Removal efficiency of non-metallic 
inclusions 
Fig. 1 shows the results of inclusion removal 
efficiency under different casting conditions and 
using different flow modifiers. HDPE particles 
with different size ranges, 26~28μm (small 
particles) and 100~150μm (large particles) was 
used to simulate the non-metallic inclusion, and 
different throughout of 8LPM, 10LPM and 16LPM, 
were considered in the experiments. The removal 
efficiency of large particles was much higher than 
that of small particles under the same experiment 
condition, due to faster rising velocity. Removal of 
small inclusions (size < 50μm in liquid steel) is 
always a challenge for the steelmakers. In this 
paper the removal efficiency of the small particles 
was less than 40% under all conditions. 
All the three flow control devices were favorable 
for the inclusion removal, in comparison with bare 
tundish. In most of the cases the tundish with HIP 
had higher inclusion removal efficiency than the 
tundish with SIP under different throughput, which 
was in good agreement with the CFD modelling 
results from Chattopadhyay’s research. However, 
the inclusion removal rates of small size under low 
throughput and the large inclusion under high 
throughput showed different tendencies. Further 
research should be done, in order to fully 
understand the inclusion transport process.  
 
Figure 1 The particle removal efficiency under different 
flow modifiers. Water flow rate: (a) 8L/min, (b) 10L/min, 
(c) 16L/min. 
In the case of the tundish with RFM, when the 
water flow rate was low, the particle removal 
efficiency by RFM was close to the results by 
standard impact pad. With the increase of water 
inlet flow rate, the rotational velocity inside the 
RFM was enhanced; at high inlet water flow rate, 
16L/min, the inclusion removal efficiency became 
remarkably higher than the standard impact pad. 
The high rotational movement would induce higher 
centripetal forces imposed on the particles to 
transport towards the centre of RFM, then the 
residential time of the particles inside RFM could 
be extended and removal efficiency could be 
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increased as well. With low rotational flow pattern, 
the centripetal force is not mild, leading to similar 
inclusion floatation comparable to the standard 
impact pad. Many other factors also play important 
roles on inclusion removal efficiency by RFM, such 
as ladle shroud submerged depth, fluid level inside 
the tundish, pore location on the RFM sidewall, etc. 
These factors were not fully studied yet, further 
optimization of all these factors should be carried 
out in physical modelling in the future research 
work. 
4.2 Velocity field inside rotational flow 
modifier  
The distribution of velocity field in the tundish was 
measured by Particle Image Velocimetry (PIV). 
10μm silver coated hollow glass spheres were 
injected into water as the tracer, the PIV camera 
was used to capture the spheres’ movement and 
then the local velocity field was calculated by 
Dynamic-Studio Image analyzing software. Fig. 2 
shows the typical result of velocity fields inside the 
RFM under different throughput, the measuring 
plane is located at 0.096m from the tundish bottom. 
The velocity vectors indicated that the inlet 
turbulent flow was converted to clockwise rotating 
motion inside the RFM. The rotational velocity 
reduced from the sidewall of RFM to the rotational 
center. Higher throughput from the ladle shroud 
generated higher rotational velocity inside the RFM 
because of the higher incoming flow energy. 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusion 
A new flow control device, Rotational Flow 
Modifier, has been designed and studied by 
physical modelling in a 1/3rd scale model of tundish. 
The inclusion removal efficiency was examined 
and compared with the bare tundish using HDPE 
particles to simulate the non-metallic inclusions in 
liquid steel. The standard impact pad and high 
impact pad were also compared. The flow field 
generated by the RFM was studied by a TR-PIV. 
All the flow modifiers could improve the inclusion 
removal efficiency. Generally, the tundish with HIP 
had the best results, which confirmed the previous 
CFD modelling results[5]. Rotational Flow Modifier 
was able to create rotational flow patterns, utilizing 
the inflow kinetic energy; the inclusion separation 
efficiency by RFM becomes remarkable under high 
inlet throughputs.  
References 
1. D.Mazumdar, R.Guthrie: The Iron and Steel 
Institude of Japan International, Vol.39, 1999, p.524. 
2.R.D.Morales, M.Diaz-Cruz, J.Palafox-Ramos, 
S.L.Ramirez, J.Barreto Sandoval, Steel Research, 
Vol.72, 2001, p.11. 
3.Y.Bao, W.Jang, B.Xu, H.Zhang, Journal of 
University Science and Technology, Vol.9, 2002, p.13. 
4.J.Palafox-Ramos, J.Barreto, S.L.Ramirez, 
R.D.Morales, Ironmaking and Steelmaking, Vol.28, 
2001, p.101. 
5.K.Chattopadhyay, PhD thesis. McGill Univ. 
(Canada), 2011. 
6.Y.Miki, S.Ogura and T.Fujii, Kawasaki Steel 
Technical Report, 1996, p.67. 
 
 
 
(a) Q = 8LPM (b) Q = 10LPM (c) Q = 16LPM
m/s 
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Abstract: Flow dynamics in tundish plays an important role in steel cleanliness during casting and many actual 
working tundish at various plants suffers with unique design and alignment issues changing the flow behaviour 
and affecting the inclusion flotation. In the present paper, 3different multi strand billet caster case studies have 
been discussed, which had specific issues and have been resolved using physical and mathematical studies. Case 
1 is a 3 strand 18 T, billet caster with slanted shroud and off centre turbo-stopper having directional flow and 
cleanliness issues at the central strand. Case 2 is a large 8 strand 32 T billet caster with cleanliness issues and 
thermal stratification due to its size. Case 3 is an asymmetric flow issues in a 6 strand billet caster with 5 strands 
in operation. First two cases were studied using physical models and flow modifiers for the third case were 
developed through mathematical modelling.  All 3 design modifications have been validated and implemented 
in the plants and the results have been quantified showing good improvement in steel cleanliness. 
 
Keyword: billet caster tundish, dams, physical modelling, mathematical modelling 
 
1. Introduction    
The role of a continuous casting tundish has 
increased over the years from a buffer vessel to 
important quality control equipment. With 
increasing size of the tundish, several flow 
modifiers have also been designed and are in 
regular practice in the industry. The role of these 
modifiers to control the flow dynamics becomes 
more complex in multi-stand tundish, specifically 
in multi-stand billet casters. Billet caster tundish 
with multiple casting strands typically have much 
higher length to width ratios. Such a design 
causes vast differences in the flow reaching 
different strands. Such tundish have temperature 
stratifications and result in variation in steel 
cleanness in different strands. Flow modifiers like 
dams, baffles and weirs are invariably utilized to 
increase the residence time in such tundish. In 
industry, the each operational tundish is different, 
and has its own design and alignment issues 
changing the specific flow behaviour and 
affecting the inclusion flotation. Case specific 
studies are required to design the flow modifies 
for such tundish and Physical and mathematical 
modelling are the most preferred approaches for 
such investigations [1].  
A number of studies [2-3] have been carried out for 
single as well as multi-strand tundish having 
predominantly symmetrical flow having even 
number of strands through physical and 
mathematical modelling. Asymmetric flow 
conditions, especially with odd number of 
strands, lead to several issues during casting 
because of the disturbances in the fluid flow 
profile. Even though some studies[4] for 
asymmetric tundish highlighting problems with 
asymmetric flow have been carried out, plant 
based corrective actions have been rarely 
implemented. The present work explains the 
development of the flow modifiers for some 
unique large billet caster tundish being used at 
JSW Steel, suffering from asymmetric flow 
profiles.  
2. Case 1: Inclusion floatation in three 
strand Billet Caster with asymmetric shroud 
First case is of an 18T, T-type, 3 strand billet 
caster tundish of JSW Salem works. The tundish 
was used for casting critical auto grades having 
stringent cleanliness requirements. However, the 
caster had structural alignment issue, which made 
the shroud being operated in a slant position and 
off-centre to the tundish as shown in Fig 1 (a) and 
(b). This required the turbo-stopper also to be 
placed off centre resulting non-uniform flow 
profile and short circuiting at the central strand. In 
absence of any flow modifiers most of the 
complaints were from the central strand billets. 
Water model studies have been carried out in a 
0.33 scaled plexi-glass model configured with 
Froude number criterion for studying the effect of 
varying turbo stoppers and dam configuration on 
the flow dynamics affecting inclusion flotation. 
Comparison of plant and model parameters is 
shown in Table 1. Effect of varying accessories 
configuration on inclusion flotation has been 
investigated using flow visualization studies, and 
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hydrodynamic performance of the modified 
tundish was compared using Residence Time 
Distribution (RTD) measurements. Fluid 
visualization was carried out using colored dye 
injection and video recording. Fabricated water 
model is shown in Fig 2.  
  Table 1 Comparison of plant and model parameters 
Parameters Plant Scale Water Model  
Scale Factor 1 0.33 
Throughput/Flow rate 1.25 T/min 10 lpm 
Tundish Working Level 
(Steady State) 
800 mm 250 mm 
Ladle Changeover 
(Unsteady State) 
650 mm 180 mm 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  (a) Slant shroud, (b) Off-centre turbo-
stopper and (c) modified tundish 
Different combinations of dams, weirs and turbo-
stopper were studied. From the conductivity 
meter studies dead volume (DV), dispersed plug 
volume (PV) and mixed volume (MV) was 
calculated using C curve. These parameters were 
compared along with Minimum residence time or 
Short circuit time (SCT) at the central nozzle. It 
was found that combined use of weirs along with 
dams gives the best results under the non-
symmetric conditions and slant shroud. However 
for implementation, use of straight dams before 
the side strands and ‘Ʌ’ shaped dams before the 
central strand was adopted to keep the 
modifications minimal as shown in Fig 1 (c). 
Location of the side dams was kept different on 
both sides to equalize the flow profile on both the 
sides.  
The comparison of flow parameters between the 
existing and final suggested configuration is 
shown in Table 2. Minimum residence time at the 
central strand increases significantly, indicating 
that short circuiting is avoided and dead volume 
fraction is also reduced and mixed volume is 
increased with the use of proposed dams as 
shown in Table 2. 
 
 
 
Figure 2 The  three  strand tundish water model 
Table 2 Comparison of flow parameters 
Tundish Central 
strand 
SCT (s) 
All Strand Average 
PV % DV % MV % 
Existing 17.14 8.74 46.02 45.24 
Modified 34.29 6.88 42.6 50.52 
 
Table 3 Comparison of inclusion severity 
Operating 
Condition 
Inclusion Area % 
Central strand End Strand 
Existing 0.46 0.33 
Modified 0.11 0.18 
Based on the water modelling studies plant trials 
were taken and the inclusion severity was measured 
with and without dams. Samples were collected 
from central and one of the end strands and 
inclusion analysis was carried out at quarter 
thickness through optical microscopy. Average 
inclusion area of the 10 worst frames is taken as the 
measure of inclusion severity. Table 3 shows the 
comparison of the inclusion severity where the 
cleanliness is significantly improved at the central 
nozzle. The new dam configuration is implemented 
and is in practice at JSW Salem works.  
3. Case 2:  Inclusion floatation in long eight 
strand Billet Caster 
Second case is of country’s largest 32 T, T-type, 8 
strand billet caster tundish of JSW Vijayanagar 
works. A major problem associated with this billet 
caster tundish is its shape where central strands are 
very close to shrouds and end strands are too far. 
Very less amount of time is available for inclusions 
to float up at central strands, leading cleanliness 
issues in the billets coming out from these strands. 
Long distance between the inlet and outlet also 
results is large temperature stratification within 
tundish. Also the flow behavior in the tundish was 
significantly changed with no of strands in 
operation on either side. The speeds at the 
intermediate strands also affected the temperature 
of the metal and flow at the end stands. Hence a 
detailed study was required to understand the flow 
behaviour at central, end and intermediate strands 
under various operating conditions. It was primarily 
a 
b c 
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aimed to introduce flow modifiers to reduce the 
flow variation in either side.  To carry out physical 
modelling studies, a 0.25 scale plexi-glass model of 
8 – strand billet caster tundish was fabricated based 
on froude number criterion. Comparison of plant 
and model parameters is shown in Table 4. Flow 
rate in each strand was adjusted by individual 
controlled opening by keeping the other strands 
closed. Fabricated water model is shown in Fig 3. 
Different dams were placed at various locations 
between the strands on the either side and in front 
of the central strands. Placing of the dams between 
strand 3 and 4 and between strand 5 and 6 showed 
the uniform flow profile on the either side. Flow 
profile was getting affected by the preceding strand 
throughput by placing the dams between other 
stands on either side. Minimum residence time was 
calculated and compared for central and end 
strands. Of the various central dam configurations 
studied, the ‘Ʌ’ shaped dams in front of the central 
strands showed the highest residence time. 
However as such design was not possible to 
incorporate in the plant tundish, the second best 
configuration of common straight dam was finally 
selected.  
Table 4 Comparison of plant and model parameters 
Parameters Plant Scale Water Model  
Scale Factor 1 0.25 
Throughput/Flow rate 3.5 T/min 16 lpm 
Tundish Working Level  850 mm 213 mm 
 
 
 
 
Figure 3 Eight strand tundish water model 
The comparison of minimum residence time 
between the existing and final suggested 
configuration is shown in Table 5. Minimum 
residence time at the central strand increases and 
expected to improve inclusion flotation. Whereas 
the minimum residence time decrease for the end 
strand as the flow is directed upwards avoiding the 
drag effect from the intermediate strands, which is 
beneficial for reducing the thermal stratification in 
the tundish. Consequently, a number of plant trials 
were conducted with straight dam at central strand 
along with side dams. The plant tundish with dams 
during the trials is shown in Fig 4. The inclusion 
severity measured in terms for inclusion area 
fraction, which reduced from 0.33 to 0.27 in the 
central stand as shown in Table 6. The new dam 
configuration is under implementation at the caster. 
 
 
Figure 4 Modified Tundish for experimentation 
Table 5 Comparison of flow parameters 
Operating 
Condition 
Minimum Residence Time 
Central strand End Strand 
Existing 37 309 
Modified 51 264 
 
Table 6 Comparison of inclusion severity  
Operating 
Condition 
Inclusion Area % 
Central strand End Strand 
Existing 0.33 0.24 
Modified 0.27 0.22 
4. Case 3: Inclusion floatation in six stand 
Billet Caster with five strands in operation 
Third case is of a unique Six Stand Billet Caster 
with five strands in operation. At JSW steel 
Vijayanagar works, a 6 strand billet caster was 
commissioned for 5 strands operation and 
continued for certain duration. One strand in the 
tundish was blocked with a vertical plate placed 
adjacent to the fifth stand. Operation with 5 
strands results in asymmetrical flow profile in the 
tundish and was evident from the higher inclusion 
severity on billets casted from the central strand 
and the strand on the blocked side. Proximity of 
central strand to shroud and higher turbulence 
near the strand closer to the blocking plate was 
causing the cleanliness issues. Occasional 
temperature variations were also observed on the 
either side leading to large variations in the 
casting speeds between various strands. As it was 
a temporary situation, an immediate solution was 
desired to improve the steel cleanliness in all the 
strands with 5 strand operation.     
Mathematical modeling approach was used to 
simulate fluid flow profile of asymmetric billet 
caster tundish under steady state casting. 
Commercially available computational fluid 
dynamics package ANSYS-CFX 14.5 was used 
for simulations. A three-dimensional full scale 
dual phase mathematical model was developed 
using momentum balance considering molten 
steel as a Newtonian and incompressible fluid. 
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The finite control volume based CFD model was 
meshed using a combination of prism and tetra 
mesh elements to achieve better resolution of 
fluid flow profile near domain boundaries and 
faster convergence of the results. k-ε turbulence 
model with medium turbulence intensity used. To 
achieve a symmetrical flow profile in the tundish 
and increase the minimum residence time at 
central strands different combinations of side 
dams, turbo-stopper design and inclinations and 
blocking wall inclination and locations were 
studied. Strand 1 was found to be having highest 
residence time being farthest whereas strands 3,4 
& 5 all were having least residence time. Use of 
‘V’ shaped central dams improved the residence 
time of the central strands but the last strand near 
the blocking plate had no effect with dams and 
turbo-stopper designs. The close proximity of 
closing wall from strand 5 was anticipated to be 
resulting in a lower minimum residence time at 
strand 5. After series of simulations with 
increasing the angle of inclination from existing 
vertical position and shifting the wall away from 
the 5th strand, an optimum combination was 
found at 20o inclination and 600 mm distance 
from the 5th strand.  
The comparison of existing and modified tundish 
for 5-stand operation making the flow 
symmetrical is shown in Fig 5. The plant tundish 
with dams and changed inclination during the 
trials is shown in Fig 6. Comparison of minimum 
residence time at each strand of existing and 
modified tundish is shown in Table 7, which 
shows improved uniformity on both the sides. To 
validate the simulation results plant scale trials 
were carried out with changed tundish 
configuration and the inclusion severity was 
measured on the samples collected from each 
strand. Comparison of inclusion severity as 
shown in Table 8, which indicates that the 
identified tundish modifications from 
mathematical simulation has improved the 
inclusion flotation and cleanliness of steel in all 
strands.   
 
 
Figure 5 Comparison of tundish Configurations 
Existing Modified 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Preparation of trial tundish (a) change in 
closing wall (b) incorporation of ‘V’ type central dam 
Table 7 Comparison of minimum residence time (s) 
Tundish Strand 
5 
Strand 
4 
Strand 
3 
Strand 
2 
Strand 
1 
Existing 98 74 78 114 164 
Modified 154 88 90 164 174 
 
Table 8 Comparison of inclusion severity  
Inclusion 
area % 
Strand 
5 
Strand 
4 
Strand 
3 
Strand 
2 
Strand 
1 
Existing 0.122 0.137 0.250 0.240 0.190 
Modified 0.117 0.120 0.144 0.138 0.117 
 
5. Conclusions 
Three unique cases of asymmetric flows in billet 
caster tundish have studied using physical and 
mathematical modelling. Case specific flow 
modifiers have been designed and implemented in 
the plant. These customised solutions helped in 
improving inclusion flotation and reducing 
thermal stratification in casters having 
asymmetric flows.  
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Abstract: Argon gas is purged into steel making ladle during secondary steel making process, to homogenize 
the bath composition and temperature as well as to facilitate the removal of inclusions to the slag layer. 
Although bulk mixing time in bottom dual plug gas stirred ladle is studied through physical and mathematical 
modeling, a comprehensive study is still required to study dependence of mixing time on the argon gas flow 
rate, molten metal depth, slag thickness, relative position of injectors etc. In the present work, the dependence of 
mixing time in bottom dual gas purged steel making ladles on the above parameters is studied using CFD 
techniques. The 95% mixing time is obtained by monitoring variation in tracer concentration with time in the 
metal bath. It is observed that the flow rate, metal bath depth and the slag thickness have more significant effect 
on the mixing time than the location of both the inlets. 
 
Keywords: secondary steel making, ladle, mixing time, computational fluid dynamics (CFD). 
 
1. Introduction 
Argon gas is purged into steel making ladles for 
homogenization of metal bath composition and 
temperature, for removing inclusions to the slag 
layer and for mixing the alloying elements. It is 
important to study the extent of mixing in argon 
stirred ladles to reduce the process time and 
improve the process efficiency. Various physical 
and numerical studies on mixing in steel making 
ladles have been reported in the literature. Most 
of these studies were performed on symmetric as 
well as asymmetric single bottom purged ladles 
to investigate the fluid flow and heat transfer 
behavior [1-5]. 
 
Mixing behavior in axi-symmetric dual plug gas 
stirred ladles was investigated experimentally on 
physical models with/ without the presence of an 
upper phase liquid [6,7]. Correlations for 
predicting the mixing time as a function of gas 
flow rate, bath depth, slag thickness etc., were 
proposed [7,8]. Mathematical modelling studies of 
gas stirring process in axi-symmetric as well as 
asymmetric dual plug ladles were carried out 
both by using developed codes as well as by 
using commercial software [9-12]. Although many 
experimental and numerical studies were 
performed to understand the mixing behavior 
during gas stirring process, a comprehensive 
study that investigates its dependency on the 
relative radial and angular positions of the gas 
inlets is not available. The objective of the 
current work is to model the gas stirring process 
in industrial scale slag covered ladles using CFD 
techniques, understand the mixing behavior and 
to observe the dependence of 95% mixing time 
on the inlet gas flow rate, metal bath depth, slag 
layer thickness, relative radial and angular 
positions of the inlets. 
2. Present work 
Figure 1 provides a schematic of a typical dual 
gas purged steel making ladle. Argon gas 
injected from the bottom rises due to buoyancy 
and induces turbulent recirculatory flow in the 
ladle, which causes mixing, thereby 
homogenizing the composition, temperature and 
enhancing the rate of chemical reactions. 
 
 
 
Figure 1 Schematic of slag covered bottom dual 
purged argon stirred ladle 
 
In the present work, this multiphase turbulent 
recirculating flow is modelled in industry scale 
ladles using CFD techniques. The dependence of 
non-dimensional mixing time (τ*) on 
dimensionless flow rate (Q*), dimensionless 
metal bath depth (H*), dimensionless slag 
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thickness (h*), dimensionless radial positions of 
injectors (R1*, R2*) and dimensionless angle 
between the gas inlets (θ*) is analyzed. 
2.1Mathematical modelling 
Both the level-set method and the volume of 
fluid (VOF) method are popular interface 
tracking methods. Using the VOF method, 
volume fraction conservation can be obtained, 
but smooth and continuous interface cannot be 
attained. The level-set method estimates the 
interface curvature, surface tension effects more 
efficiently. For obtaining the volume fraction 
conservation as well as smooth and continuous 
interfaces, both level-set as well as VOF 
methods are coupled and solved simultaneously. 
The volume fraction conservation equation is 
given by 
                    0i i i i iv
t
   

 

           (1) 
Where i is the phase index, i  is the volume 
fraction of the ith phase, , ,i i iv   are the 
density, viscosity and velocity of ith phase 
respectively. 
Molten steel is considered as primary phase and 
argon, slag are considered as secondary phases. 
The above equation is solved only for secondary 
phases. The volume fraction of the primary 
phase is obtained as follows 
                            
1 1 i
i
                       (2) 
The level-set function    is defined as a signed 
distance from the interface. On the interface its 
value is zero. Its value is positive on one side of 
the interface and negative on the other side of the 
interface. The level-set equation is a scalar 
continuity equation of the level-set function, 
which is given as 
 
                            0v
t



 

             (3) 
Properties like density and viscosity are volume 
fraction averaged throughout the computational 
domain and a single set of momentum equations 
is solved to obtain the flow field. Surface tension 
force is added as a source term to the momentum 
equation. The momentum equation is given by  
     v v v P v g S
t
   

         
 (4) 
Where ,   are the volume fraction averaged 
density and viscosity respectively, v  is the flow 
velocity, P is the pressure and g  is the 
acceleration due to gravity. 
The surface tension source term S is given by 
         S n           (5) 
and     is a function given by 
             
0
= 1 cos
2
d
 
  
 

 

 


            
(6) 
Where,   is the surface tension,   is the 
interface curvature, n  is the unit normal to the 
interface and   is the interface thickness. 
Standard SST k   model is used to model the 
turbulence in the flow. This model uses k   
model for near wall region and k   model for 
free stream regions by using blending functions. 
Similar to the momentum equation, a single set 
of turbulence equations are solved all over the 
computational domain. Further details about SST 
k   model are available in Ansys Fluent™ 
theory guide [13]. 
Apart from the above equations, a scalar 
transport equation of mass fraction is also solved 
to obtain the tracer mass fraction, which is given 
by 
 
        t
t
m v m m
t Sc

 
 
   
  
        (7) 
Where, m is the mass fraction of the tracer, t  is 
the turbulent viscosity of flow and Sct is the 
turbulent Schmidt number. 
The ladle is filled with molten steel along with a 
slag layer floating on its surface before starting 
the simulation. Argon gas with constant mass 
flow rate and with 5% turbulent intensity is 
assumed at the inlets. No slip boundary condition 
is assumed at the wall boundaries. The top of the 
ladle is assumed as an outlet with a constant 
pressure of 101325 bar. 
2.2 Solution Methodology 
A 3 dimensional industrial scale ladle was 
considered, and a hexahedral mesh was created 
with approximately six hundred thousand 
elements. Mesh convergence study has been 
performed to ensure the independency of the 
solution on the grid size. A y+ value of 1 is 
maintained at the wall boundaries, to resolve the 
near wall flows more efficiently. Commercial 
software Ansys Fluent™ is used to solve the 
above equations numerically. The density and 
viscosity of molten steel, slag and argon gas are 
considered from the published work of Lou et al 
[12]. An isothermal temperature of 1873 k was 
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considered. A tracer having similar properties to 
that of molten steel is added into the metal bath 
at the free surface, in the slag eye openings of 
the two plumes. The 95% mixing time is 
obtained by measuring the variation of 
concentration of the tracer with time at several 
strategically determined points in the metal bath. 
 
Table 1 Dimensionless quantities 
 
S. No Dimensionless quantity Definition 
1 Normalized mixing time (τ*) τmix /τ 
2 Dimensionless flow rate (Q*) 2 5/Q gR   
3 Dimensionless bath depth (H*) H/R 
4 Dimensionless slag thickness (h*) h/R 
5 
Normalized radial positions of 
injectors (R1*, R2*) 
R1/R, 
R2/R 
6 
Normalized angle between the gas 
inlets (θ*) 
    
 
            
 
 
 
Figure 2 Instantaneous distribution of a) argon and 
slag phases, b) flow velocity 
 
Several parameters like volumetric gas flow rate 
(Q), slag layer thickness (h), metal bath depth 
(H), radial distance of gas inlets from the center 
of the base of ladle (R1, R2) and angle between 
the gas inlets, measured in anti-clockwise 
direction ( ) were considered to study their 
effect on mixing time. All the quantities were 
converted to their dimensionless form, which are 
tabulated in Table 1. The mixing time is 
normalized with total flow time ( ). 
3. Results and Discussion 
Several numerical simulations were performed 
for a total flow time of 300 s at various operating 
conditions. A tracer was introduced into the bath 
at the beginning of the simulation, and its 
concentration is tracked with time at several 
strategic locations, to obtain 95% mixing time.  
The instantaneous distribution of argon and slag 
layer in the ladle for one of the simulated cases, 
at a flow time of 60 s is shown in Fig. 2(a), and 
the corresponding velocity distribution in the 
section plane, colored by flow velocity is shown 
in Fig. 2(b). The slag layer opening and eye 
formation can also be seen. It can be seen from 
this distribution that there is flow recirculation 
and the bath is being agitated entirely. It has to 
be noted that the argon distribution shown in 
these images is not a time averaged distribution, 
hence the plume spreading is not observed. 
 
a) h* = 0.15, R1* = 0.5, R2* = 0.5, θ* = 1 
 
b) H* = 2.2, R1* = 0.5, R2* = 0.5, θ* = 1 
 
Figure 3 Variation of dimensionless mixing time with 
Q* at various values of a) H* and b) h* 
 
The variation of dimensionless mixing time with 
the Q* at different values of H* and h* is shown 
in Fig. 3. It can be seen from Fig. 3(a) and Fig. 
a) 
b) 
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3(b) that τ* decreases with an increase in Q* and 
H*, or by decreasing h*.  
 
H* = 2.2, h* = 0.15, R1* = 0.5, R2* = 0.5 
 
Figure 4 Variation of dimensionless mixing time with 
θ*  
 
 
a) H* = 2.2, h* = 0.15, R2* = 0.5, θ* = 1 
 
b) H* = 2.2, h* = 0.15, R1* = 0.5, θ* = 1 
 
Figure 5 Variation of dimensionless mixing time with 
R1* and R2* 
 
The variation of τ* with θ* is shown in Fig. 4. 
The dimensionless mixing time increases with an 
increase in θ*. Similarly, from Fig. 5, it can be 
seen that τ* decreases by decreasing in R1* or by 
increasing R2*. An interesting observation here 
is that  the rates of increase of mixing time with 
R1* and  decrease with R2* are almost  same.  
4. Conclusions 
CFD based study was performed to investigate 
the mixing behavior in slag covered steel making 
ladles. The following conclusions can be made 
from this study: 
CLSVOF model can be successfully used to 
model the argon gas stirring process and to 
obtain the mixing time. 
The mixing time increases by decreasing the 
dimensionless values of gas flow rate, metal bath 
depth, or by increasing dimensionless values of 
slag thickness and angle between the inlets. The 
dimensionless radial positions of the inlets have 
opposing effect on the mixing time.  
●Although the effect of configuration of the 
inlets is significant, the mixing time depends 
largely on the dimensionless flow rate, 
dimensionless bath height and dimensionless 
slag thickness.  
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Abstract: The presence of hydrogen above a critical level in the rolled product leads to a delayed failure due to 
hydrogen flaking. Flaking caused by hydrogen is a serious problem in power turbine rotors, rails, wheels, 
components, gun barrels, shafts in oil & gas, and large alloy steel components. Control of hydrogen in steel making 
can be accomplished right from the stage of steel making, casting and post deformation. In the present study the 
behavior of hydrogen in secondary refining involving ladle furnace and vacuum degassing processes has been 
studied. Trials were made in industrial scale vacuum tank degassing process. Molten steel samples were collected 
before and after degassing operation at varying process conditions. The results showed that the removal of hydrogen 
depends on the vacuum level, argon flow rate and holding time. Lower vacuum level, higher argon flow rate and 
higher holding time resulted in achieving lower levels of hydrogen. Rate of hydrogen removal varied linearly with 
initial hydrogen content. Optimized conditions for achieving lower hydrogen level was brought out for the tank 
degassing process.  
 
Keywords: Vacuum degassing, Vacuum level, Argon flow rate, Holding time 
 
1. Introduction 
Hydrogen is the smallest atom in the periodic table 
and it is an element dissolved in steel that leads to 
a delayed failure in the steel popularly known as 
Hydrogen flaking [1-3]. There are certain typical 
grades such as High carbon pearlitic rail steel, 
medium C-Mn steel, Cr-Mn steel, Cr-Mo steel and 
Ni-Cr-Mo family of low alloy steel that tend to 
show such delayed fissure in the steel. Typical 
grades sensitive to hydrogen are 0.7%C-1 Mn rail 
steel or wheel steel, 30Mn5, 25MC5, 42CrMo4, 
En-36C, 4330V, 18CrNiMo76, 4340 etc.  
Components such as power turbine rotors, rails, 
wheels, components, gun barrels, shafts in oil & 
gas, and large alloy steel components tend to show 
up this defect. Hydrogen flaking is a phenomenon 
that occur in solid state after solidification and 
usually after hot deformation. Sometimes, a steel 
cleared by ultrasonic inspection for soundness of 
the steel may show up defects at the end user place 
or in the component. This warrants strategies to 
remove hydrogen from the molten steel as much as 
possible, as there could be likely pick-up in 
tundish. One way of achieving this is by vacuum 
degassing of molten steel during the manufacture 
of the steel.  
The hydrogen in equilibrium with molten steel is 
given by [4,5] : 
                        ½ {H
2
} = [H]                               (1) 
                        K = a
[H]
 / p
{H2}
1/2                         (2)
 
         log K = -(1900/T) + 2.423                         (3) 
 
         a
[H]
 = f
[H]
 . [ppm H]                                    (4) 
 
          log f
H
 = e
H
j
 . (ppm H .10-4)                     (5) 
Condition for H removal in molten steel  
 
         [ ppm H]= K. p0.5
{H2}
 / f 
H                                       (6)
 
K is f(T) and decreases with T 
It can be seen from the above equation, lowering 
of hydrogen is possible by decreasing the pH2. The 
partial pressures are reduced by application of 
vacuum or dilution with Ar gas. During the Ar 
bubbling in ladle furnace during vacuum degassing 
where liquid metal droplets interact with vacuum 
enable a decrease in hydrogen level.  From the 
atomic weight and the density of steel, it is 
possible to estimate that every 1 ppm of hydrogen, 
if it is nucleated as a gas in solid iron phase is 
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equivalent to 1.12 cc of gas in solid iron, which 
amounts to 8.736% volume percentage.  In the 
present study, an effort has been made to 
understand the behavior of hydrogen during 
vacuum degassing operation. 
2. Experimental 
Four typical controlled heats of 20MnCr5 grades 
were melted at JSW Steels, Salem Works. The 
steel made followed BF-EOF-LF-VD- Concast 
route in 65 MT batch size. The steels were 
monitored for hydrogen levels in the ladle furnace 
before and after vacuum degassing. During 
vacuum degassing the vacuum levels were 
maintained at 0.5 to 0.6 mbar. The Ar gas flow rate 
was maintained between 4 and 7 Nm3/h. The 
holding time of the molten steel was maintained at 
15 to 21 minutes. The hydrogen levels were 
measured before and after vacuum degassing by 
sampling the liquid metal.  
3. Results and Discussion 
In the present study, the 20MnCr5 steel was 
examined for the various vacuum degassing 
parameters. The grades 20MC5 and 20MnCr5 are 
very much same in terms of their chemistry. The 
interaction parameters were used to calculate the 
Henrian activity coefficient. The coefficient for 
20MnCr5 for hydrogen is given by fH = 1.015. 
Hence, the equilibrium hydrogen as a function of 
dissolved hydrogen at 1873 K is given by  
 [ppm H] = K pH2/1.015                          (7) 
The theoretical hydrogen level at 1873 K for the 
partial pressure of 1 bar is 25.4 ppm and that at the 
operating condition of 0.5 to 0.6 mbar is about 
0.45 ppm.  
Vacuum degassing of  molten steel was carried out 
at a vacuum level between 0.5 and 0.6 mbar with 
Ar flow rate between 4 and 7 Nm3/h and the  
holding time between 15 and 21 min as shown in 
Table 1. The hydrogen level immediately after the 
addition of all alloying additives varied between 
2.7 to 4.4 ppm H. The hydrogen level after vacuum 
degassing varied between 0.63 and 1.27 ppm. The 
loss in hydrogen during vacuum degassing in 
general varied between 1.73 to 3.34 ppm.  
A moderate change in vacuum level between 
0.5and 0.6 mbar did show a loss in hydrogen from 
2.52 to 2.28. However, other data in the Table 1 
shows that the input hydrogen level and the 
quantity of the molten steel may be additional 
reason for the variations in hydrogen loss seen at 
0.5 m bar vacuum level at constant flow rate of 4 
and 7 Nm3/hr. The effect of Ar gas flow rate was 
studied by increasing the flow rate from 4 to 7 
Nm3/h along with higher vacuum holding time. 
The hydrogen content removed was 3.34 ppm, in 
spite of the higher input hydrogen.  
Vacuum degassing studies conducted by other 
studies show that a higher vacuum level, Ar flow 
rate and longer vacuum holding time brings down 
the hydrogen level [6,7]. Among these, the effect of 
Ar purging is reported to influence the hydrogen 
removal kinetics significantly in comparison to the 
other two parameters. The dissolved hydrogen 
from the molten steel is entrained by the pure Ar 
gas bubbles at the bubble metal interface. Hence, a 
higher Ar flow rate with the given ferrostatic head 
of the steel, creates a plume of Ar gas bubbles. The 
bubbles create higher interface due to the finer 
bubble size, which enable dissolved hydrogen to 
diffuse into the Ar gas bubble moving towards the 
equilibrium dictated by Sievert’s Law. In addition, 
the higher Ar volume ensures more dilution, which 
reduces the partial pressure of hydrogen in the Ar 
gas bubbles. The influence of slag composition in 
three of the heats studied is shown in Table 2. It is 
seen that the hydrogen loss decreases with increase 
in lime content or basicity. It is seen that, as the 
lime content of slag increases, the hydrogen loss in 
molten metal decreases [7,8]. The hydrogen level in 
the steel was evaluated by the following empirical 
equations in Table 3 for industrial scale operations 
by Riva, VASD and Gerdau [7]. The first term of 
equations in Table 3 is common and measures the 
equilibrium H solubility, while the second term has 
differing exponential terms. The exponential term 
at the end seems to come from Completely Stirred 
Tank Reactor (CSTR). All the three equations 
consider Pressure, Ar gas flow rate and degassing 
time as a major mass transfer mode by which 
Hydrogen transfers to the gas plume breaking into 
vacuum of stirred ladle. Riva and VASD has 
considered degassing time per unit volume, while 
the Gerdau equation does not show influence of 
volume. These equations are empirical and are 
plant specific models. This data was compared 
with the results obtained in the present study as 
shown in Table 4. The results of the hydrogen after 
vacuum degassing compare closely predicted by 
the Riva equation. The H/D ratio of the ladle and 
the porous plug location of Riva appear similar to 
that of JSW. This could be the reason for close 
final hydrogen values. The experimental 
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conditions applied in the other two models are 
different from that in the present study. 
 
Table 1 Behaviour of hydrogen in vacuum degassing in 20MnCr5 & equivalent grade 
Heat no Grade 
Vacuum 
mbar 
Ar 
flow rate 
Nm3/h 
Total 
VD time 
min 
Heat 
Size, 
Mt 
ppm hydrogen H loss in 
VD (ppm) Before VD After VD 
67664 20MC5 0.5 4 15 69.45 3.53 1.01 2.52 
67665 20MC5 0.6 4 16 66.40 3.55 1.27 2.28 
67668 20MC5 0.5 4 15 64.88 3.29 1.09 2.20 
67702 20MnCr5 0.5 7 21 66.08 4.42 1.08 3.34 
70694 20MnCr5 0.7 7 21 63.00 2.85 1.08 1.74 
70695 20MnCr5 0.7 7 19 63.30 3.20 1.47 1.73 
70698 20MnCr5 0.6 7 17 66.90 2.74 0.63 2.11 
 
 
Table 2 Effect of slag composition on hydrogen levels during vacuum degassing in three heats. 
 
Heat 
no 
Grade CaO MgO SiO2 FeO MnO Al2O3 CaF2 Basicity 
BVD 
H ppm 
AVD 
H ppm 
Vacuum 
H loss 
67665 20MC5 55.96 7.86 11.05 0.3 0.85 17.85 1.88 5.06 3.55 1.27 2.28 
67668 20MC5 54.24 6.88 11.26 0.47 0.92 18.25 3.19 4.82 3.29 1.09 2.20 
67702 20MnCr5 48.37 7.44 18.83 0.32 0.92 16.67 3.09 2.57 4.42 1.08 3.34 
 
 
Table 3 Empirical equations evolved by different studies to predict hydrogen after vacuum degassing [7]. 
 Equation  Evolved 
Riva 𝑯𝒕 = √𝟎. 𝟓𝑷𝒗𝒄 . 𝟏𝟎 (−
𝟏𝟗𝟎𝟎
𝑻
+ 𝟐. 𝟒𝟐𝟑) ([𝑯𝑶] − √𝟎. 𝟓𝑷𝒗𝒄 . 𝟏𝟎 (−
𝟏𝟗𝟎𝟎
𝑻
+ 𝟐. 𝟒𝟐𝟑)) 𝒆−(𝟎.𝟎𝟏𝟎𝟑𝟐𝑸+𝟎.𝟐𝟎𝟓𝟖)𝒕/𝑽 
VASD 𝑯𝒕 = √𝟎. 𝟓𝑷𝒗𝒄 . 𝟏𝟎 (−
𝟏𝟗𝟎𝟎
𝑻
+ 𝟐. 𝟒𝟐𝟑) + ([𝑯𝑶] − √𝟎. 𝟓𝑷𝒗𝒄 . 𝟏𝟎 (−
𝟏𝟗𝟎𝟎
𝑻
+ 𝟐. 𝟒𝟐𝟑)) 𝒆−𝟏.𝟐𝟗𝟔𝒕/𝑽 
Gerdau 𝑯𝒕 = √𝟎. 𝟓𝑷𝒗𝒄 . 𝟏𝟎 (−
𝟏𝟗𝟎𝟎
𝑻
+ 𝟐. 𝟒𝟐𝟑) + ([𝑯𝑶] − √𝟎. 𝟓𝑷𝒗𝒄 . 𝟏𝟎 (−
𝟏𝟗𝟎𝟎
𝑻
+ 𝟐. 𝟒𝟐𝟑)) 𝒆−(𝟎.𝟐𝟗𝑸+𝟎.𝟎𝟏)𝒕 
Where, Ht = Hydrogen concentration (in ppm) after deep vacuum time t; HO = Initial hydrogen concentration (in ppm) ; PVC = Vacuum pressure 
(bar) ; T= Temperature in Kelvin; Q= Average gas flow rate of argon during deep vacuum time NL/min; t= time of vacuum degassing in min; V 
= Volume of metal in m3; 
 
Table 4 Comparison of measured hydrogen with those predicted by empirical equation. 
Heat No Grade 
ppm Hydrogen 
Before 
 VD 
After  
VD 
Riva  
Equation 
VASD  
Equation 
Gerdau  
Equation 
67665 20MC5 3.55 1.27 1.39 0.75 1.28 
67702 20MnCr5 4.42 1.08 1.01 0.59 0.85 
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4. Conclusion 
The behavior of hydrogen in the melting of steel 
grade 20MnCr5 was analysed in the vacuum 
degassing stage. Higher vacuum level of the order 
of 0.5 mbar, Ar flow rate of 4 to 7 Nm3/h and 
vacuum holding time between 15 and 20 min gave 
lowest hydrogen level of 1.08 to 1.27 ppm. Lower 
lime content in slag tend to decrease hydrogen 
level. Empirical equation proposed by Riva was 
closer to the experimentally evaluated hydrogen 
value after vacuum degassing.  
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Abstract: Argon shrouding of molten steel and the attendant two phase flows inside a shroud has been 
investigated studied physically modelled with 1:1 scale Perspex models. Flow phenomena have been 
investigated as a function various gas to liquid flow rate ratio relevant to actual steelmaking practices for both 
bloom and slab casting shroud systems.  Experimental results indicate various types of gas liquid flow regimes 
inside shroud which tend to depend strongly on liquid as well as gas flow rates. For a submerged shroud  
operated within the flow rates  range, [viz., Qg  (0.63  to 8.67 m3/s )  and QL  (12.5  to 21.67 m3/s) for bloom 
casting shroud; Qg  (1.67  to 17.50 m3/s)  and QL  (33.33  to 58.33 m3/s) for slab casting shroud] , it is found out  
that while an annular, gas-liquid flow  results in the upper part, a  two phase, mixture flow region prevails  in the 
lower part of the shroud. Based on experimental results, dimensional analysis and a multiple regression, a 
correlation has been developed to predict the line of demarcation or the interface between the annular and 
mixture flow region. This, as discussed in the text, allows one to infer the state of two phase flow inside a ladle 
shroud and work out the associated metallurgical consequences. 
Keywords: Ladle shroud, gas –liquid flows, physical modelling, macroscopic correlation  
1. Introduction 
Inert gas shrouding is being typically practised 
during transfer of molten steel from ladle to 
tundish. Ladle shrouds are thus used to prevent 
reoxidation due to any metal-ambient contact  
needed to ensure improved castability, better 
product cleanliness etc. Varied amount of inert 
gas is injected (see Table 1 later) into shroud to 
accomplish the above objectives. Argon injected 
into shrouds not only tends to protect the liquid 
jet but it also helps in inclusion removal[1]  via 
bubbles from tundish .  
The wetting of shroud internal surface by liquid 
metal during the latter’s passage into tundish is 
an important issue related intricately to shroud 
service life, steel quality and so on. For example, 
any significant hydrodynamic wear of  ladle 
shroud refractory  or possible chemical reactions 
between shroud refractory material  and flowing 
steel have the potential to destroy steel quality 
due to wide spread contamination of melt with 
unwarranted  oxide  particulates.  Given such, it 
is important to know the state of gas-liquid flows 
inside a ladle shroud. 
Despite many studies, both computational and 
experimental[2-4] , investigation of simultaneous 
two phase flow of gas and liquid inside ladle 
shroud has not been reported till date. The 
purpose of present investigation has therefore 
been to carry out an elaborate physical modelling 
exercise on ladle shroud systems to develop 
useful insight of state of simultaneous gas-liquid 
flows during transfer of molten steel from a ladle 
to a tundish.  
                  
(a)                            (b) 
Figure 1 Water model set-up of ladle shrouds (a) 
bloom casting shroud (b) slab casting shroud 
2. Present work  
2.1. Physical modelling  
Full scale, PerspexTM model of bloom as well as 
slab casting shrouds have been fabricated 
respecting complete geometrical similarity with 
the industrial counter part. Sufficiently big 
rectangular reservoirs are used to replicate 
tundish. Teeming of liquid steel via shroud is 
simulated by pumping water and injecting 
compressed air through gas injection port at 
predetermined rates. The two model shroud 
systems are shown in Fig.1.Physical dimensions 
and operating conditions have been summarised 
elsewhere, and hence not reiterated [5]. 
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2.2 Experimental observations 
The model shrouds were operated under steady 
state condition with their tip submerged under 
bulk liquid in the reservoir. It is observed that 
under submerged condition, depending on gas –
liquid loading ratio, four distinctly different 
types of gas-liquid flow regimes (viz., 
completely filled with liquid, fully bubbly, fully 
annular and mixed (partly annular + partly 
bubbly)) can result along the length of the 
shroud.. At such  gas and liquid flow rates 
typically employed in the bloom casting units 
(see later), mixed flow(partly annular + partly 
bubbly) inside shroud are more likely to prevail. 
This is schematically shown in Fig.2. 
 
 
Figure 2  Schematic of a ladle shroud  with inert gas 
injection and expected l flow regimes at moderate gas 
to liquid flow rate ratios ( between 0.03-0.42) 
 
During an experiment, a constant submergence 
level of the shroud was maintained ensuring a 
balance between inflow and out flow rate of 
water into/from the reservoir. Thus before the 
start of an experiment, the reservoir was pre-
filled to submerge the shroud up to a desired 
level. Subsequently, shrouding gas (air in the 
present case) and water were introduced into the 
shroud at a desired rate ,in the range of interest, 
and mixed flow meniscus depth (i.e., the 
interface between annular and well mixed 
region) position , Hm , measured. At each gas-
liquid flow rate ratio, several experiments were 
carried out to determine a representative, 
average, interface (also termed as mixed flow 
meniscus/interface) position. As shown in Fig.2, 
the latter was measured from the liquid inlet 
plane.  
 
It is observed experimentally that liquid and gas 
flow rates profoundly influence the meniscus 
position inside a given shroud (viz. Figs. 3 and 
4). The variations can be described through the 
following functional relationships: 
 
 𝐻𝑚 = 𝐾𝐵  (𝑄𝑙)
−1.74            (1) 
𝐻𝑚 = 𝐾𝑆 (𝑄𝑙)
−1.17              (2) 
Where 𝐾𝐵 & 𝐾𝑆 are the constants for bloom and 
slab casting shrouds respectively. These suggest 
that on increasing the liquid flow rate, meniscus 
goes down inside shroud, which is expected 
since a greater liquid head is required to match 
the increasing liquid inflow from the shroud.  
 
 
Figure 3 Scenario of meniscus depth from inlet with 
respect to liquid flow rate in (a) bloom & slab casting 
shroud
 
Figure 4 Scenario of meniscus depth from inlet with 
respect to gas flow rate in bloom & slab casting 
shroud 
In contrast, any increase in gas flow rate tends to 
push the meniscus down (effect is opposite to 
that of liquid flow rate) and the following 
relationships hold good: 
 
  𝐻𝑚 = 𝐾′𝐵  (𝑄𝑔)
1.12        (3) 
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𝐻𝑚 = 𝐾′𝑆 (𝑄𝑔)
1             (4) 
 
Where  𝐾′𝐵  & 𝐾′𝑆  are the constants for bloom 
and slab casting shroud.  
2.3 Dimensional analysis and macroscopic 
Correlations 
Since flows inside the shroud are gravity 
dominated and that Reynolds number of flows is 
typically much greater than 104 , consequently , 
physical properties of gas and liquid, such as 
density and viscosity  are likely to exert 
secondary influence on the gross  features of two 
phase flows inside the shroud. Similarly, surface 
tension forces are known to be relatively more 
important at length scale than those considered in 
the present work. Furthermore, within the range 
conditions studied in this work, shroud length 
and depth of submergence were found to have no 
influence on the position of mixed flow meniscus 
inside shrouds[5]. 
Therefore, as a first approximation, the following 
functional relationship between mixed flow 
meniscus position and principal operating 
variables has been assumed to apply, e.g., 
 𝐻𝑚 = 𝑓(𝑄𝑔, 𝑄𝐿 , 𝐷𝑠, 𝑔)        (5) 
In dimensionless form the above expression can 
be represented as: 
𝐻𝑚
𝐷𝑠
= 𝐾 (
𝑄𝑔
𝑄𝐿
)
𝑎
(
𝑔𝐷𝑠
5
𝑄𝐿
2 )
𝑏
      (6) 
On comparing the exponents from Eq. (1) & (3) 
with Eq. (6), it follows that for bloom casting 
shroud, a = 1.12    &     b = 0.31. Therefore, the 
following relationship holds good for bloom 
casting shroud. 
𝑯𝒎
𝑫𝒔
= 𝑲′ (
𝑸𝒈
𝑸𝑳
)
𝟏.𝟏𝟐
(
𝒈𝑫𝒔
𝟓
𝑸𝑳
𝟐 )
𝟎.𝟑𝟏
 (7) 
 
Proceeding further and comparing experimental 
results with Eq.(7),  K  is found to be equal to 
27.09 and this is shown in Fig. 5.  Hence explicit 
version of Eq.7 applicable to bloom casting 
shroud becomes: 
  
𝑯𝒎
𝑫𝒔
= 𝟐𝟕. 𝟎𝟗 (
𝑸𝒈
𝑸𝑳
)
𝟏.𝟏𝟐
(
𝒈𝑫𝒔
𝟓
𝑸𝑳
𝟐 )
𝟎.𝟑𝟏
   (8) 
Similarly, from Eqs (2), (4) and (6), one obtains 
the following values of exponents for slab 
casting shroud viz., a = 1 & b = 0.085. Following 
a similar procedure, as illustrated in Fig.6, an 
explicit correlation for slab casting shroud has 
been derived and represented as: 
 
𝑯𝒎
𝑫𝒔
= 𝟔𝟎. 𝟕𝟔 (
𝑸𝒈
𝑸𝑳
)
𝟏
(
𝒈𝑫𝒔
𝟓
𝑸𝑳
𝟐 )
𝟎.𝟎𝟖𝟓
  (9) 
 
 
Figure 5 Estimation of pre-exponent for bloom 
casting shroud on the basis of experimental data 
 
 
 
 
Figure 6 Estimation of pre-exponent for slab casting 
shroud on the basis of experimental data 
 
From the preceding discussion, it  at once 
evident (see Eqs.(8) and (9))  that an unique,  
single correlation  does not hold good  for the 
two shroud systems, despite their similarity in  
physical dimensions, types of fluids etc. This 
as a possibility suggests that a critical 
parameter has been omitted in the dimensional 
analysis presented above. Thus, while the 
shroud diameter is included in the analysis, the 
liquid jet diameter, which governs the 
entrainment of air jet, has not been considered. 
The jet diameter, as experimental observation 
indicates is largely dictated by collector plate 
nozzle diameter (Dc ) and hence a functional 
relationship of the following form appears to 
be more realistic and appropriate for ladle 
shroud system, rather than Eq.(5), viz.,   
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)D,D,g,Q,Q(FH cnsLgm          (10) 
Indeed, embodying experimental data for the 
two shroud systems shown in Figs. 4 and 5, 
through multiple regression one can easily 
derive an explicit dimensionless version of the 
preceding functional relationship and represent  
the same as :. 
𝑯𝒎
𝑫𝒔
= 𝟑𝟑𝟑 (
𝑸𝒈
𝑸𝑳
)
𝟏.𝟏𝟏
(
𝒈𝑫𝒔
𝟓
𝑸𝑳
𝟐 )
𝟎.𝟏𝟐
(
𝑫𝒄𝒏
𝑫𝒔
)
𝟓
       (11) 
Figure 7 Effectiveness of multiple regression 
demonstrating the adequacy of the regression model 
(viz., Eq. (11)) to experimental observations 
It is at once evident from Fig. 7 that Eq.(11) 
describes flow phenomena inside the two shroud 
system with equal effectiveness.  
 
2.4 Application of macroscopic model to 
industrial scale bloom casting operations 
Base on the result presented so far, metallurgical 
consequences have been deduced for shroud 
operating practices in three different alloy steel 
plants. This is shown in Table 1. To this end, in 
the range of operating gas to liquid flow rate 
ratios, the mixed flow meniscus position, for 
each specific case has been calculated via 
Eq.(11) and non-dimensionalised with reference 
to shroud length, Ls . Based on such, a set of 
inferences have been made on the gas–liquid 
flow regimes and their associated impact. These 
indicate that varied argon flow rate as used in 
Plants A, B and C can trigger many unwarranted 
physical and chemical processes affecting shroud 
life, cleanliness and heat loss.  It is important to 
emphasise that operating guide lines on 
shrouding gas flow rate per unit “rate of mass 
flow” does not seem to exit as Table 1 appears to 
indicate! 
3. Concluding remarks 
Gas–liquid flows inside ladle shroud is important 
and can in many ways influence the efficiency of 
steel processing. A predictive frame work has 
been developed for analysis of two phase flows 
inside ladle shroud under conditions employed in 
actual steel processing operations.   
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Table1 Predicted flow regimes in the bloom casting  shroud in the four different domestic steel plants 
 
Variables Plant A(1) Plant A(2) Plant B Plant C 
Shroud length; diameter, 
mm 
1300; 88 1215;85 1060;60 1200;70 
Q g  , m3/s x 10-4 2.07 - 4.14   2.07-4.14 8.36- 10.7 8.36-  
Ql   m3/s x 10-4 46 17-23 20.8-– 23.05 18.47- 19.7 
Qar/Qsteel 0.045-0.09 0.11-0.175 0.40-0.46 0.42-0.45 
Hm/Ls 0 0.32-0.42 ~1 ~1 
Flow regimes  in  shroud Shroud more or less 
fully filled with liquid  
Distinctly annular + 
mixed flow regimes 
prevail inside shroud 
Practically fully 
annular flow  inside 
shroud  
Practically fully annular 
flow inside shroud 
Inferences on various 
metallurgical consequences 
Complete wetting of 
shroud surface and 
hence chances of  high 
refractory wear 
Partial  wetting of 
shroud surface and 
hence relatively low 
refractory wear 
Little or no wetting 
of shroud inside wall 
by liquid ; Little or 
no shroud wear  
Little or no wetting of 
shroud  inside wall by 
liquid; No shroud wear  
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Abstract: The present investigation deals with the thermodynamic analysis of LD/BOF tapping process to 
quantify the carry over slag for the plant data using commercial software package FactSage 6.4. Water modeling 
of liquid steel tapping process is also performed to estimate the amount of slag carry over (SCO). The FactSage 
estimated amount of SCO for the industrial heats varies in the range from 0 to 10.5 kg/t of liquid steel. It is 
evident from the FactSage study that chemical composition and properties of liquid steel and BOF slag controls 
the amount of SCO and yield loss during tapping process. It is also observed that thermodynamic prediction 
corroborates well with the water model studies particularly with respect to the ratio of amount of carried over 
overlying phase (slag /oil) to the amount of tapped underlying phase (liquid steel / water). 
 
Keywords:  Steelmaking, tapping, FactSage, physical modeling 
 
1. Introduction  
Industrial steelmaking process can broadly be 
classified into two categories; refining and 
transfer operations. Decarburization, 
dephosphurization, deoxidation, desulphuri-
zation, vacuum degassing and wire injection 
treatment are generally grouped under refining 
category. Transfer operations include tapping of 
liquid steel from basic oxygen furnace (BOF) 
vessel to ladle and teeming of liquid steel from 
ladle to tundish and from tundish to continuous 
casting mould are the major transfer operations 
in industrial steelmaking practices. 
A growing demand from the consumer’s end 
causes the steel industries to operate in a 
parametric zone aiming for zero defects in the 
end products. Enormous amount of literatures 
available related to controlling the quality of 
steel products, are highlighting the major factors 
responsible for quality impairment and its 
remedies. Researchers[1-3] have identified 
cleanliness of the steel as one of the influencing 
elements to dictate the mechanical 
behaviour/property and performance of steel 
products. Non-metallic inclusions are basically 
originating from liquid steel processing stages 
and the potential sources for their presence in 
steels are confirmed as deoxidation, refractory 
chemical erosion, reoxidation of liquid steel and 
carry over slag[1-3]. The investigators have been 
tried to elucidate all particular key issues dealing 
with inclusion formation and removal during 
steelmaking stages. However, very limited 
attention [4-6] have been given particularly for the 
quantification of carry over slag during transfer 
of liquid steel from one vessel to another. 
Carryover of oxidizing slag into ladle results in 
phosphorus reversion, extended refining time, 
inefficient desulphurization at ladle station, 
increase in slag volume, increase in ferro alloy 
consumption and extra generation of non-
metallic inclusions and subsequently, extra load 
on its removal. 
Therefore, the present investigation deals with 
FactSage simulation of LD tapping process to 
quantify the carry over slag using plant operating 
data. Water modeling of liquid steel tapping 
process is also performed to estimate the amount of 
slag carry over (SCO).  
2. FactSage™ Simulation 
The schematic of the tapping process is shown in 
Fig. 1. The process involves tapping of liquid 
steel into ladle from primary steelmaking vessel 
(BOF/LD), which is 90 degree rotated to tapping 
position, as shown in the Fig.1. During transfer 
operation, slag carry over from BOF vessel to 
ladle cannot be avoided, which needs to be 
quantified to improve the end product quality.  In 
the present study, an attempt has been taken 
based on thermodynamic analysis to quantify 
SCO using available industry data. Industry data 
available during regular practice are chemical 
composition (except dissolved oxygen) of crude 
steel and BOF slag, tapping temperature, 
deoxidizer additions, and chemical composition 
and temperature (Temperature at LF station) of 
liquid steel after tapping.  
Commercial available thermodynamic simulation 
software package FactSage 6.4 was used in the 
present study to estimate SCO during tapping 
process. Databases used for FactSage simulation 
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are FactPS, FToxid, FTmisc and FSstel. FactPS 
is pure component database, FToxid and FTmisc 
are slag databases and FSstel is liquid steel 
solution database which are widely used for 
steelmaking simulations. 
 
Figure 1 Schematic representation of tapping process 
Equilibrium module available in FactSage 6.4 
was employed along with the above mentioned 
databases for tapping simulation. Sequence of 
simulation procedure adopted was as follows, 1) 
Equilibrating the crude steel and BOF slag 
composition at tapping temperature to estimate 
actual dissolved oxygen in crude steel, 2) 
Recycling the equilibrated products (crude steel 
& BOF slag) again into equilibrium module for 
further analysis, 3) Step calculation for different 
amount of BOF slag (unknown) to target steel 
composition in ladle after tapping. Finally, the 
amount of BOF slag carried over for the given 
target steel composition was estimated. Tapping 
simulation for around 50 heats were carried out 
and slag carry over amount is estimated. Fig. 2 
shows the variation of estimated SCO with 
equilibrium dissolved silicon in liquid steel after 
tapping.  Figure clearly reveals that amount of 
estimated SCO is 2.41 kg/ t for a given industrial 
heat having silicon level of 0.05 wt.% after 
tapping.  
 
Figure 2 Estimation of slag carry over from step 
calculation results 
 
3. Physical modelling  
A semi BOF perspex model was fabricated, 
which is geometrically similar to 140t industrial 
BOF vessel, and scale down to ratio 1:7. Details 
of the dimensions will be reported elsewhere. 
Pictorial representation of fabricated BOF 
perspex model for tapping study is shown in Fig. 
3. 
 
Figure 3 Pictorial representation of BOF vessel for 
tapping study 
The preliminary tapping experiments are carried 
out to study the effect of various parameters like 
tap hole diameter, water filling flow rate, initial 
liquid height and waiting time between filling 
and opening of the nozzle on draining of liquids 
from BOF vessel. The details of influence of 
various parameters on critical height for vortex 
formation during BOF tapping will be published 
elsewhere. The parameter combinations for the 
selected tap hole diameter that gives maximum 
critical height for vortex formation is taken for 
this investigation. In the present study, 
experiments were carried out with water and 
different types of oils (coconut oil, petroleum 
ether and mustard oil) to study the influence of 
overlying liquid on tapping process. The detailed 
experimental conditions are given in Table. 1.  
Table 1 Detailed experimental conditions 
SNO Parameter Range/value 
1 Tap hole diameter 1.44 cm 
1.77 cm 
2 Waiting time 90 seconds 
3 Filling flow rate 20 lpm 
4 Initial water level 13 cm (50 litres) 
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Oil 
Coconut oil 
Petroleum ether 
Mustard oil 
6 Oil thickness 1 cm (5.4 litres) 
The BOF vessel is initially filled (flow rate = 
20lpm) with water and waiting time of around 90 
seconds is given prior to open the tap hole. An 
underwater camera connected to computer is 
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placed near to the tap hole to monitor the 
occurrence of vortex events. Critical height for 
vortex formation is noted and as soon as the 
drain sink forms at the end of draining process, 
the valve connected to the tap hole is closed 
immediately to stop the draining process. Weight 
of water tapped out from BOF vessel, oil carried 
over, water and oil retained in the vessel are 
measured carefully and recorded for analysis. 
4. Results and Discussions 
In industrial steel making operations, carryover 
of slag takes place during tapping as well as 
teeming of liquid steel. In the tapping operation, 
transfer of crude steel from BOF vessel to ladle 
takes place before the start of secondary refining 
and addition of alloying elements in liquid steel, 
whereas, in the teeming process, transfer of 
liquid steel from ladle to tundish and from 
tundish to mould occurs just before the casting 
process. Therefore, mere entrapment of slag 
during final stages of liquid steel operations 
(teeming) affects the finish steel quality abruptly. 
Therefore, slag entrapment during teeming 
operation should be avoided by the prediction of 
vortex occurrence intelligently, to ensure the 
product quality. Quantification of the amount of 
carryover slag during teeming operation is an 
insignificant parameter to study, as mere entry of 
slag into liquid steel itself results in quality 
impairment. Whereas, quantity of carryover slag 
during tapping operation is a significant 
parameter to study, as its amount and 
composition (primarily excess oxygen and 
phosphorus) influence secondary steelmaking 
processes in various ways. However, limited 
amount of information or literature available 
related to predicting slag carry over occurrence 
during LD tapping practices. 
FactSage estimation of SCO was done for 
different grades of steel. Average amount of 
SCO for different grades estimated through 
FactSage simulation are represented in Fig. 
4.This shows that average amount of SCO 
increases gradually from grade 1 to grade 6. It 
should be noted that the refining practice at BOF 
is expected to be similar irrespective of steel 
grades, however, targeted crude steel 
composition (such as carbon and phosphorus) 
requires modification in operational practice i.e., 
lengthy blow time excess addition of lime etc. 
The maximum allowable carbon and phosphorus 
in grade 1 and grade 2 is 0.45 and 0.025%, 
respectively. However, allowable carbon and 
phosphorus in remaining grades is 0.2 and 
0.015%, respectively. Therefore, modification in 
operational practice to produce different level of 
wt%C and wt%P in BOF results in changes in 
physico-chemical behaviour of liquid steel and 
slag before tapping for different steel grades. 
Thus, corresponding changes in amount of SCO 
as observed in FactSage simulations (see Fig. 4), 
due to the expected variation in properties of 
liquid steel and slag phase before tapping 
process.   
 
Figure 4 Amount of SCO for different grade of steel 
The FactSage estimated amount of SCO for the 
industrial heats varies in the range from 0 to 10.5 
kg/t of liquid steel. The ratio of amount of SCO 
(FactSage estimated) to the amount of liquid 
steel tapped for the industrial process is found to 
be in the range of 0.002 to 0.016 (excluding the 
heats with SCO 0 kg/t). A meaningful correlation 
between the process parameters and amount of 
SCO was attempted and failed to establish, as the 
similar behaviour for excess oxygen input into 
ladle during tapping is observed and reported by 
the present investigating authors[7] . However, 
multiple linear regression analysis has been 
attempted to predict the amount of SCO during 
tapping considering the process parameters such 
as recovery of Si and Mn, dissolved oxygen in 
crude steel, tapping temperature, LF opening 
temperature, viscosity, basicity and amount of 
reducible oxides (FeO+MnO+P2O5) in BOF slag. 
Comparison of prediction success of amount of 
SCO (calculated with and without considering 
slag parameters) with the FactSage estimated 
value is shown in Fig. 5. It is observed from the 
graph that SCO calculated with considering slag 
parameters are found to be close to FactSage 
predicted value for the upper regime of SCO (> 8 
kg/t). However, SCO calculated without 
considering slag parameters are observed to be 
close to FactSage predicted value for most of the 
points in lower regime of SCO (< 4 kg/t). Hence, 
it signifies the nature of slag phase present in LD 
process before tapping and related properties like 
viscosity, basicity etc are expected to influence 
SCO. Detailed investigation on effect of slag 
composition and properties on SCO amount will 
be performed in future for the analysed 50 heats.  
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Figure 5 Validation of SCO predicted by correlations 
with FactSage results 
Water modeling experiments on fabricated LD 
vessel was performed to study the influence of 
different types of oil on carryover phenomena 
during tapping process. Results obtained from 
the water-oil experiments are represented in the 
Fig. 6. It is observed from the figure that water 
retained in the vessel i.e., yield loss for the 
experiments with tap hole diameter 1.44 cm for 
different oils as overlying phase varies from 3.9 
to 4.5 litres. However, for the experiments 
conducted with 1.77 cm of tap hole diameter, 
amount of water retained in the vessel varies 
from 4.8 to 7.02 litres.  
 
Figure 6 Amount of water and oil retained in vessel 
for water with 3 different oil experiments (solid line: 
water retained and dotted line: oil retained in vessel).  
It is clearly evidenced from the figure that 
amount of oil retained in the vessel varies in a 
range from 4.56 to 5.23 litres for experiments 
conducted with tap hole 1.44 and 1.77 cm 
diameter. Therefore, it is instructed to note that 
significant increment in yield loss is expected, as 
the tap hole diameter increases 25% (1.44 cm to 
1.77cm) from its original size, though the 
amount of carried over oil/slag lies in narrow 
range. Water modeling results also shows that 
the ratio of weight of oil carried over to the 
weight of tapped water varies from 0.003 to 
0.017 and it is corroborating well with the 
thermodynamic prediction obtained for industry 
data. It has also been observed that the presence 
of overlying phases suppressed the critical height 
for vortex occurrence during tapping and the 
same effect is also observed by S C Koria et 
al.[4]. However, for the experiment conducted 
with tap hole with 1.77 cm and petroleum ether 
as overlying phase, vortex had been observed 
earlier and the critical liquid height increases to 
10.2 cm in comparison with 6.83 cm for 
experiments without oil (other experimental 
condition are same). Therefore, it could be 
concluded that nature of slag phase has influence 
on vortex formation and detailed investigation is 
further required on this subject. 
5. Conclusions 
In the present investigation, thermodynamic 
simulation was carried out using FactSage 6.4 to 
estimate the amount of slag carry over for 6 
different steel grades produced in steel industry. 
Thermodynamic prediction shows that amount of 
SCO during tapping is influenced by target 
wt%C and wt%P in crude steel and BOF slag 
properties. Water modeling experiments also 
confirms that the nature of overlying phase has 
influence on vortex formation, amount of water 
and oil that will be retained in the vessel after 
tapping process. It is also observed that 
thermodynamic prediction corroborates well 
with the water model studies particularly with 
respect to the ratio of amount of carried over 
overlying phase (slag /oil) to the amount of 
tapped underlying phase (liquid steel / water). 
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Abstract: Calcium treatment is a well-established method to transform oxide and sulphide inclusions in steel to less 
harmful inclusions to avoid nozzle blocking in continuous casting of aluminumdeoxidized steels.For low carbon 
aluminum killed (LCAK) steel having restriction in Silicon in final product, CaFeAl wire with composition of Ca-
40%, Al-25% and Rest Fe is most commonly used. In spite of advantage of Calcium treatment for inclusion 
modification, due to higher % Al feeding at the end of heat processing, conventional CaFeAl wire have some 
disadvantages like formation of more alumina (Al2O3 inclusion), high soft rinsing time due to abnormal rise of %Al 
in the bath, higher treatment cost etc.In the present work, an effort has been made to develop a modified CaFeAl 
wire for improved calcium treatment process by reducing the %Al in the CaFeAl wire.  In collaboration with 
supplier, CaFeAl wire with varying % of Al, keeping %Ca same were made and industrial trials were taken at JSW 
Dolvi plant having production facilities of CONARC  LF  CSP HSM. It has been observed that, with 
reduction of Al in CaFeAl wire from 25% to 10 %, wire consumption reduced from 350 mtr to 310 mtr for 
maintaining same level of Ca ppm in the final product. Improvement in castability has also observed leading to 
minimal nozzle choking / blockage during continuous casting. Surface defect in final HR product has been reduced 
substantially leading to reduced internal diversion. Reduction of % FeO and increase of % S in the slag were 
observed and thus overall improvement in desulphurization efficiency achieved. 
 
Keywords: LCAK Steel, nozzle blocking, Calcium Treatment, CaFeAl cored wire 
 
1. Introduction 
Alumina (Al2O3 inclusions) remains one of main 
problems when producing low carbon aluminum 
killed steels for several years [1, 2]. It causes several 
quality problems like sliver, lamination, alumina 
streak etc. Al2O3 inclusion not only causes quality 
problem but also causes operational problem like 
submerged entry nozzle (SEN) blockingin 
continuous casting process. The nozzle blocking 
problem is extremely serious when casting small 
size billet/ thin slab because of small nozzle size 
[3]. Any blockage in nozzle leads to interruption in 
flow of liquid steel to mould which may even 
causes sequence break.Calcium treatment is a 
well-established method since 1960-1970 to 
transform oxide and sulphide inclusion in steel into 
less harmful inclusion which can have beneficial 
effect on properties [4]. This is also beneficial to 
avoid nozzle clogging problem with better surface 
finish.  
Calcium is an alkaline earth metal, density of 1. 54 
g/cm3, melting point of 842 ° C, boiling point of 
1484 ° C, the vapor pressure of 11.33 Kpa (983 ° 
C). It has strongest affinity towards oxygen, sulfur, 
among all deoxidizers.  CaO &CaS are also easily 
soluble in slag and floats easily leading to 
minimum inclusion in steel. However because of 
its physical and chemical properties (high vapour 
pressure and low melting/ boiling temp) it is 
difficult to use directly and alone in steelmaking. It 
needs other deoxidiser like 'Al' / ‘Si’ of higher 
melting & boiling point and base 'Fe' for 
increasing density for carrying deeper in to liquid 
steel bath before melting / boiling.  
Now in most of the steel plant, Ca treatment is 
done through wire injection only where pure Ca 
wire, CaSi wire and CaFeAl wire is used.At JSW 
steel Dolvi, most of the product is low carbon 
aluminum killed steel used for cold rolling and 
galvalizing/ galvalume application. It these grades 
there isrestriction of %Si (0.03 % max) and 
thusCaFeAl wire is mostly used. Most common 
composition of CaFeAl wire is Ca-40%, Al- 25 % 
and rest Fe.  
In spite of advantage of Ca treatment for inclusion 
modification, there are certain disadvantages of 
CaFeAl wire. Due to high %Al feeding at the end 
of heat processing, there is likely to be more 
408 
  
formation of Al2O3 inclusion at the end. This 
Al2O3 inclusion practically have very less time to 
float. Also soft rinsing time become more. Further 
and most importantly due to higher %Al in CaFeAl 
wire, the Ca treatment cost is higher.   
Over the time, the quality requirement becomes 
very stringent and thus ultra-clean steel production 
become mandatory. In this present work, an effort 
has been made to develop a modified CaFeAl wire 
with less % Al for improved calcium treatment 
process. In collaboration with supplier, CaFeAl 
wire with varying % of Al, keeping %Ca same 
were made and industrial trials were taken at JSW 
Dolvi plant.This development is done with 
objective of (i) improve steel cleanliness, (ii) to 
reduce excess Al2O3 inclusion generation at the 
end of heat processing, (iii) To reduce the stopper 
fluctuations/nozzle blockages for smooth casting, 
(iv) to reduce the Ca treatment cost 
2. Industrial scale trial 
In collaboration with supplier, CaFeAl wire was 
made with varying Al composition, keeping Ca 
remains same as 40% as shown in Table 1 below.  
Table 1 Composition of trial CaFeAl wire 
CaFeAl wire %Al %Ca %Fe Linear Density 
25% Al 25 40 35 0.206 
18% Al 18 40 42 0.215 
15% Al 15 40 45 0.218 
12% Al 12 40 48 0.220 
10% Al 10 40 50 0.224 
Industrial scale trial were done at JSW Steel Dolvi 
integrated steel plant in the process route, of 
BF+SIP   CONARC  LF CSP 
HSM.Because of the CSP process there isstringent 
quality requirement of liquid steel in terms of 
inclusion, %S < 0.008 etc. Trial were done with 
each composition at least 15 heats for repeatability 
and reproducibility of the results.  
Trial were done in low carbon aluminum killed 
steel used for cold rolling and galvalizng/ 
galvalume application. Typical composition of 
steel is given in Table 2. 
Metal samples were taken from each heat before 
and after Calcium treatment to find out the Al and 
S drop. Slag sample at the end of LF processing 
were taken for analysis using XRF. Castability in 
terms of stopper fluctuation and final strip surface 
quality were analyzed. 
Table 2 Typical composition of LCAK grade steel 
%C %Mn %Si %S %P %Al 
N 
ppm 
Ca 
ppm 
0.05 
max 
0.4 
max 
0.03 
max 
0.007 
max 
0.02 
max 
0.02-
0.04 
60 
max 
18-
25 
3. Results and Discussion 
Table 3 shows the CaFeAl wire usages, Ca 
recovery for different %Al, CaFeAl wire. It can be 
observed from the table that lower the %Al in 
cored wire, less is the requirement of cored wire to 
maintain same level of Ca ppm in the bath as the 
linear density of the wire has increased due to 
lower %Al and higher %Fe.  
Table 3 Usage of CaFeAl wire of different Al 
concentration 
 
25% 
Al 
18% Al 15% Al 12% Al 
10% 
Al 
No of 
Trial 
Heats 
750* 20 65 15 65 
CaFeAl 
wire Used 
(mtr.) 
345 325 325 310 310 
Ca added 
(in kg) 
28.43 27.95 28.34 27.28 
27.7
8 
Ca ppm in 
Steel 
26.72 25.65 24.97 25.84 
25.1
4 
Heat Size 
(MT) 
190 190 190 190 190 
% Ca 
Recovery 
17.86 17.44 16.74 18.00 
17.2
0 
(*Note: 25% Al is most frequently produced) 
Elements like Al, Si etc. are added in Calcium wire 
to reduce the vapour pressure of Ca and thus 
improves the Calcium recovery. As seen from 
Table 3, the residual amount of Ca ( 24-26) is 
persistent in 25%Al CaFeAl wire and 10 % 
CaFeAl wire indicates that even lower %Al in 
cored wire is able to reduce the vapour pressure 
and maintain the Ca recovery.  For further analysis 
of Al and S drop due to Calcium wire addition, 
metal sample of 10%Al and 25% Al were taken 
before and after Ca wire addition. Table 4 shows 
the results of the %Al & %S drop. 
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Table 4 Al and S Drop after Ca treatment 
 25%Al 10%Al 
S Drop 0.001 0.001 
Al Drop 0.002 0.002 
Drop in aluminum during processing is a common 
phenomenon during processing in ladle furnace 
due to oxidation of Al by bath Oxygen, Ar 
purging, and re-oxidation by atmospheric oxygen 
due to eye formation. But aluminum present in 
cored wire is supposed to compensate the loss of 
Al during processing. From table 4, it is clear that 
there is no significant differences in Al drop even 
with lower %Al CaFeAl wire. Thus 10 % Al in 
wire may be the sufficient to compensate the loss 
of Aluminum. 
Table 5 shows the slag analysis results of trial 
heats. It is seen from the table that % FeO in slag 
is reduced in 10% Wire as compared to 25 % Al 
wire. Also %S in the slag has increased indicating 
better desulphurization capacity in 10% CaFeAl 
wire. 
Table 5 Slag analysis results of 10% and 25% CaFeAl 
wire 
 25%Al 10%Al 
%CaO 52.75 52.51 
%MgO 8.41 8.49 
%SiO2 2.28 2.56 
% Al2O3 33.20 33.02 
%FeO 0.78 0.65 
Basicity 2.92 2.88 
%S in Slag 0.57 0.77 
%S (LF In) 0.020 0.020 
%S (LF Out) 0.005 0.005 
Average %DeS 69.73 73.48 
No of Heats 90 90 
 
Fig 1 and Fig 2 shows the comparison of casting 
issues and hot rolled coil (HRC) surface defect for 
25% and 10% Al CaFeAl wire. From Fig 1 it is 
clear that casting issues due to stopper rise and 
mould level fluctuation has reduces significantly. 
This is mainly due to reduction of Al2O3 inclusion 
generation in 10% Al wire as compared to 25 % Al 
wire. This has also resulted in significant reduction 
in HRC surface related defects due to alumina 
streak, mould powder/ slag entrapment. 
 
Figure 1 Comparison of casting performance 
 
Figure 2 Comparison of HRC surface defects 
Fig 3 and Fig 4 show the casting performance in 
25 % Al cored wire 10% Al cored wire. From Fig 
3 it is seen that, the progressive rise in stopper 
position in 25 % Al cored wire where as in 10% Al 
cored wire smooth casting without any stopper rise 
is observed. 
 Tundish Filling rate
 Stopper rise
 
Figure 3 Casting issues in 25% Al CaFeAl wire 
 Stopper trend
 Tundish Filling trend
 
Fig 4: Smooth casting in 10 % Al CaFeAl wire 
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Due to the lower usage of cored wire with lower 
%AL in cored wire the Ca treatment cost has 
reduces significantly   leading to a significant cost 
saving. For a 5 MTPA production capacity, yearly 
savings of approx. 10 Cr. 
4. Conclusions 
Based on the industrial trial data and observation 
the following points may be summarized: 
►Due to increase in linear density of wire, 
required Ca is achieved at lower wire 
consumption.  
►No significant drop in Al and Swas observed 
even with lower Al percentage in CaFeAl wire.  
►10% Al may be optimal in CaFeAl wire to 
reduce vapour pressure and to compensate Al loss 
►Casting issues reduces significantly resulting in 
improvement in surface quality of HRC  
►Overall Ca treatment cost reduces due to less 
usages. 
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Abstract: Mechanical properties of a steel is affected by presence of inclusions which is influenced by its 
composition and deformable nature. Composition of inclusion generated depends on the type of deoxidation practice 
followed during ladle refining process. In the current work the inclusions generated in aluminium killed and Si-Mn 
killed steels were characterized for the type of inclusion, using SEM-EDS. The type of inclusion has been correlated 
with deoxidation practice. The type of hard and deformable inclusion associated with deoxidation practice has been 
critically examined. The influence of calcium treatment and sulphur treatment in aluminium killed resulfurized 
steels has been examined. In high carbon steels deoxidized by Si-Mn, inclusion type generated at various stages 
have been examined and the necessary condition for getting inclusions with low melting point is brought out. 
 
Keywords:  Aluminium killed, Si-Mn killed, Calcium Aluminates 
  
1. Introduction  
Ladle refining process has become very important 
process in the manufacture of the steel to meet the 
demand for high quality steel with minimal 
inclusions and inclusions with size lowest possible.  
Inclusions affect the fatigue property of steel, 
which is very important for certain automobile 
components. The composition of micro inclusions 
present in the steel is related to the deoxidation 
practice and residual oxygen level. Aluminium 
killing is practiced in forging grade steel which 
require fine grains and lower oxygen level of less 
than 10ppm. To avoid nozzle clogging and 
improve castability, calcium treatment is done to 
modify alumina inclusions that clog the nozzles. 
With aluminium deoxidation alumina inclusions 
[ASTM E45 Type B] are found in steel and those 
Al killed steels when subject to Ca treatment may 
form complex oxides [ASTM E45 Type D].  With 
Si-Mn complex deoxidation, manganese silicate 
[ASTM E-45 Type C] type inclusions are formed. 
The inclusions have characteristic shapes after hot 
deformation. In the present study samples from 
liquid steel is taken to understand the type of 
inclusion formed at various stages of ladle refining 
using SEM-EDS analysis. 
2. Experimental work 
Steel in JSW Steel Salem Works is processed 
through Energy Optimisation Furnace - Ladle 
Furnace - Vacuum Degassing - Continuous 
Casting route with ladle size of 65-ton. During 
ladle refining of calcium treated aluminium killed 
resulfurized steel with 0.4%C-0.25%Si-0.75%Mn-
1.00%Cr-0.20% Mo composition, liquid metal 
samples were taken after aluminium deoxidation, 
after vacuum degassing, after calcium wire 
treatment and finally after Sulphur wire treatment. 
In another heat where Si-Mn deoxidation was 
practiced (0.8%C- 0.70%Mn-0.25% Si), sample 
were obtained in liquid state with Si-Mn 
deoxidation before and after vacuum degassing. 
The samples were scooped from molten steel and 
solidified. 30 fields per sample in the SEM was 
analysed and the inclusions were characterised for 
its composition using EDS. 
3. Result and discussion 
In the present study the influence of deoxidation 
practice on the micro inclusions formed in molten 
steel samples was examined. 
3.1 Inclusion composition evolution in Al 
killed and Calcium treated steels 
In sample taken after aluminium addition the 
inclusions were predominantly of Al2O3 type with 
size range of 20-30 microns. Globular Al2O3 type 
inclusions were observed.  The reaction for Al 
deoxidation is  
              2 [Al] + 3 [O]  <Al2O3>                     (1) 
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15µm 
15µm 
Figure 1 Elemental mapping of inclusion after calcium 
treatment- Al2O3.MgO-CaO type 
Figure 2 Elemental mapping of inclusion after Sulphur 
treatment CaO-Al2O3-MgO-CaS type 
After deoxidation and alloy addition the steel was 
subjected to vacuum degassing to remove 
hydrogen and nitrogen. In the liquid sample taken 
after vacuum degassing inclusions of MgO.Al2O3 
and MgO- Al2O3-CaO type were found. Even 
when magnesium bearing material was not added 
in ladle MgO.Al2O3 inclusion is formed. The 
source of Mg is MgO-C ladle bricks. The 
reduction of MgO in refractory lining by carbon in 
vacuum treatment created source for Mg in the 
metal. This Mg reacts with dissolved oxygen to 
form MgO, which reacts with Al2O3 inclusion to 
form MgO.Al2O3 spinel inclusions. MgO 
percentage in MgO.Al2O3 inclusion varied from 5 
to 30 %. The reaction for MgO.Al2O3 spinel 
formation is given below[1,2]. 
 
[Mg] + [O] = <MgO>                                    (2) 
                                       
<Al2O3> + <MgO>=<MgO.Al2O3>                 (3) 
 
In Vacuum degassed steel MgO.Al2O3 spinel 
inclusions are predominant. The formation of 
MgO.Al2O3.CaO complex oxide inclusion occurs 
even without calcium treatment may be due to the 
strong slag metal interaction between the inclusion 
with top slag. After vacuum degassing the steel is 
subjected to calcium treatment and sample was 
taken after 4 mins. Due to calcium treatment 
alumina inclusions were converted to calcium 
aluminates. Inclusions observed were mainly of 
C12A7 and CA type. These inclusions are desirable 
as they do not cause clogging of sub merged 
nozzle during continuous casting[3,4]. Fig, 1 shows 
elemental mapping of typical C12A7 inclusion. 
MgO.Al2O3.CaO type inclusions were also 
observed in sample taken after calcium treatment. 
In sample taken after sulphur addition just before 
lifting the ladle for casting, inclusions were of 
CaO- Al2O3, MgO- Al2O3-CaO, MgO- Al2O3-
CaO-CaS and pure CaS type. A sulphide ring was 
observed in periphery of MgO- Al2O3-CaO 
inclusions as shown in Fig. 2. Precipitation of 
sulphur after formation of oxide inclusion has 
resulted in sulphur crown formation around the 
inclusion. The black polygonal region in the figure 
is MgO.Al2O3 type spinel.  
 
Table 1 Inclusion composition at various stages of ladle 
refining Calcium treated Al deoxidized steel 
 
()-Number of inclusions analyzed; [] no of inclusions of particular 
composition   
LF 
refining 
stage 
Typical Inclusion compositions observed 
After Al 
addition 
(30) 
Al2O3-100% 
[21] 
Al2O3-81.9% 
MgO-12.38% 
 
Al2O3-95.7% 
MgO-4.3% 
 
After VD 
(30) 
Al2O3-
74.09% 
MgO-25.91% 
[15] 
Al2O3-56.98% 
MgO-5.5% 
CaO-37.43% 
[12] 
Al2O3-92% 
MgO-8% 
 
After 
Calcium 
treatment 
(30) 
Al2O3-
65.37% 
CaO-34.62% 
[12] 
Al2O3-55% 
CaO-45% 
[14] 
Al2O3-48.6% 
CaO- 45.9% 
MgO- 5.5% 
 
After 
Sulphur 
addition 
(30) 
Al2O3-
43.89% 
CaO- 43.31% 
MgO- 4.45% 
CaS-6.57% 
[18] 
Al2O3-61.2% 
CaO- 22% 
MgO- 3.21% 
CaS-13.54% 
[10] 
CaS-100% 
[2] 
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2µm
m 
Fe 
O 
Mn Si 
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O Si 
Mn Ca 
Mg Al 
2µm 
Figure 3 Average inclusion composition change during 
ladle refining 
Sample stage 
Al2O3 
Al2O3 
Table 1 shows inclusion composition formed at 
various stages of ladle refining. From Fig. 3 it can 
be seen that average MgO content has dropped 
from 13.6% to 3.43% after calcium treatment. This 
shows that MgO is partially replaced by CaO due 
to calcium treatment and partially liquid inclusions 
are formed. So calcium treatment is beneficial to 
convert hard MgO.Al2O3 inclusions that cause 
clogging. 
 
3.2 Inclusion composition evolution in Si-Mn 
Killed steel 
Si-Mn deoxidation practice is followed in high 
carbon steels for applications like tire cord, tire 
bead etc. Alumina inclusions are  restricted in 
these grades as they lead to wire breakage during 
drawing operation. Higher oxygen content of 25-
50ppm is observed in Si-Mn deoxidized steel [5]. 
Si-Mn deoxidation reaction is given by 
 
[Si] +[Mn] + 2 [O]  <MnO.SiO2 > (4) 
 
In the sample taken after deoxidation and alloy 
addition (i.e before vacuum degassing) inclusions 
where spherical MnO.SiO2 with MnO/SiO2 ratio of 
0.6-0.7 [based on wt%]. Few inclusions of silicates 
were found associated with CaO, Al2O3 and MgO. 
This may be due to interaction of the manganese 
silicate inclusion with slag or ladle glaze. Fig. 4 
shows typical elemental mapping of MnO.SiO2 
inclusion. The inclusion size was between 2- 5 
microns. In sample taken after vacuum degassing 
inclusions were predominantly of MnO-SiO2- 
Al2O3 and CaO- SiO2-Al2O3 was found. CaO-
SiO2-Al2O3 type inclusions were formed due to 
strong slag metal interaction during vacuum 
degassing operation. Fig. 5 shows elemental 
mapping of a typical inclusion after VD. In both 
the stages   predominantly the inclusions were 
found to lie in liquid phase regions as shown in 
Fig. 6. The MnO/SiO2 ratio was between 0.5 to 2 
which was desirable for getting liquid inclusions 
[6]. Desirable spessartite inclusions were also 
observed. Table 2 gives various inclusion 
composition observed before and after vacuum 
degassing in Si-Mn deoxidized steel. 
 
 
 
 
 
 
Figure 4 Elemental mapping of inclusion before vacuum 
degassing (MnO-SiO2) 
 
Figure 5 Elemental mapping of inclusion after vacuum 
degassing MnO-SiO2-Al2O3-MgO-CaO type 
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Figure 6 Inclusion observed during various stages mapped in MnO-SiO2-Al2O3 system [6] 
Table 2 Inclusion composition at various stages of ladle refining in Si-Mn deoxidised steel
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
From the analysis it was found that in Al killed 
steels with calcium treatment, the inclusion 
composition changed from pure alumina to low 
melting calcium aluminates. From the study it is 
found that calcium treatment is beneficial to 
convert MgO-Al2O3 spinel inclusions to avoid 
clogging. In Si-Mn killed steels the inclusion of 
MnO-SiO2 type was formed. Mn/Si ratio of 2.8 in 
liquid steel and MnO/SiO2 ratio between 0.5 to 2 
in inclusion is found to be beneficial for getting 
inclusions with low melting points and deformable 
in nature. 
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LF 
refining 
stage 
Liquid steel 
composition 
Typical Inclusion compositions observed 
Before 
vacuum 
degassing 
Si-0.26% 
Mn-0.73% 
Al-20 ppm 
 
MnO-20% 
SiO2-80% 
 
MnO-42% 
SiO2-52% 
MnO-38.5% 
SiO2-58.06% 
Al2O3-2.93% 
MnO-38.5% 
SiO2-58.06% 
Al2O3-2.93% 
CaO-0.47% 
MnO-36.6% 
SiO2-58% 
Al2O3-1.72% 
MgO-1.15% 
CaO-2.46% 
After 
vacuum 
degassing 
Si-0.26% 
Mn-0.73% 
Al-30 ppm 
 
MnO-58.46% 
SiO2-36.35% 
Al2O3-5.17% 
CaO-78.38% 
SiO2-10.45% 
Al2O3-8.45% 
MgO-2.70% 
CaO-10% 
SiO2-59% 
Al2O3-31% 
MnO-56.20% 
SiO2-34.06% 
Al2O3-5.93% 
CaO-3.81% 
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Abstract: Previous researchers studied agglomeration of solid and liquid inclusions at steel-argon interfaces using a 
confocal laser scanning microscopy (CLSM). However, agglomeration of spinel inclusions is not well described yet, 
and there has been little study of the comparison between inclusion behavior at the steel-argon interface and in the 
bulk of steel. In this work, agglomeration of alumina, spinel, solid and liquid CaO-Al2O3-MgO inclusions at the 
steel-argon interface was observed using CLSM. Agglomeration of different types of inclusion in bulk steel was 
studied by electrolytic etching to reveal the 3-D morphology of inclusions. Agglomeration of solid inclusions was 
similar under both conditions. However, the rate of collision and agglomeration of inclusions observed in CLSM 
was much higher than that in the bulk. Whereas recent work confirmed that liquid calcium aluminates agglomerate 
within liquid steel, this was rarely observed at the steel-argon interface. 
 
Keywords: steelmaking, inclusions, agglomeration, sintering 
 
1. Introduction 
Alumina, spinel and calcium aluminate inclusions 
are common types of inclusion in aluminum-killed 
steels. Solid inclusions are known to deposit on 
nozzle walls resulting in reduced productivity and 
increased risk of quality rejection of products. 
Inclusion agglomeration is an important 
contributing step in nozzle clogging. In-situ 
agglomeration behavior of inclusions on steel-gas 
interface has been studied by several authors using 
confocal laser scanning microscopy. Initial studies 
by Yin et al.[1],[2]showed an attractive force 
between solid inclusions at the steel-gas interface, 
and the absence of attraction between liquid 
inclusions. Shibata et al.[3] concluded that capillary 
forces explain the difference in interaction 
behavior. The absence of long-range interaction 
between liquid inclusions was ascribed to the lack 
of a depression of the steel melt surface between 
two approaching liquid particles. Kang et al.[4] also 
observed that alumina inclusions readily 
agglomerate at the steel-gas interface but did not 
observe attraction between any other type of 
inclusions like spinel, solid calcium aluminate and 
liquid calcium aluminate. They also concluded that 
capillary force can explain the long-range 
interaction between inclusions,yetthe observed 
difference in interaction between inclusions could 
not be explained using capillary forces, according 
to their calculations. They also noted that capillary 
force can be used to explain inclusion interaction 
only at the steel-gas or steel-slag interface and 
hence it is necessary to compare CLS 
Mobservations with industrial data. In their recent 
work, Mu et al.[5] used a revised Kralchevsky-
Paunov model to quantitatively compare the 
attractive capillary forces for different types of 
inclusions at the steel-argon interface. Their main 
conclusion was that the inclusion composition is 
the least important to inclusion collisions; rather, 
inclusion number density followed by the size of 
inclusions drive the collision of inclusions. In 
thework presented here, inclusion agglomeration 
observed at thesteel-argon interface in CLSMis 
compared to that from laboratory scale induction 
furnace experiments and industrial samples. 
2. Experimental 
The agglomeration behavior of inclusions at the 
liquid steel-argon interface was observed at 
1600oC using a confocal laser scanning 
microscope, shown in Figure 1.A crucible (MgO 
or Al2O3) containing about 0.2 g of steel was 
placed on the sample holder.  A low oxygen partial 
pressure was maintained by first evacuating 
chamber air and subsequently filling the chamber 
with argon (0.25 dm3/min) gettered by heated Cu 
and Mg chips. The partial pressure of oxygen 
(measured with an oxygen probe in the off-gas 
from the chamber) was maintained at 
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10-21-10-20 atm;equivalent to 0.8-3 ppb of oxygen 
activity in liquid steel at 1600°C[6]. Steel samples 
containing alumina, spinel, solid and liquid CaO-
Al2O3-MgO inclusionswere prepared using an 
induction furnace setup described elsewhere[7], [8]. 
Industry aluminum-killed steel samples containing 
these inclusions were obtained from industry 
members of the Center of Iron and Steelmaking 
Research (CISR). Bulk steel samples were 
electrolytically etched, using the method described 
by Tan and Pistorius[9], to reveal inclusion 
agglomeration behavior in 3D. The upper surface 
of the steel samples after CLSM experiments (type 
A), and etched bulk samples from induction 
furnace experiments (type B) and industrial 
samples (type C) were observed using an FEI 
Quanta 600 scanning electron microscope (using 
secondary electron imaging).  
 
Figure 1. Schematic of CLSM setup (adapted from[10]) 
 
3. Results and Discussion 
3.1 Agglomeration of alumina inclusions 
The results of agglomeration of alumina inclusions 
in the three types of samples are shown in Figure 
2. Alumina inclusions were found to readily 
agglomerate in all cases. CLSM showed a large 
network of alumina inclusions that floated from 
the bulk of the steel sample. This observation is 
consistent with previous studies[1],[2],[4]. Alumina 
inclusions in the bulk of steel samples from 
laboratory and industrial heatsappear similar. It is 
interesting to note that the network structure 
appears sintered in all three cases. Singh noted that  
such sintering of alumina inclusions was an 
important step in nozzle clogging during 
continuous casting.[11] 
3.2 Agglomeration of spinel inclusions 
As shown in Figure 3(a), spinel inclusions were 
also found to agglomerate at the steel-argon 
interface. This observation is in contrast to that by 
previous researchers who found no agglomeration 
of spinel inclusions[3],[4],[12],[13].Recent work by Mu 
et al.[5]concluded that the most important 
contributor to inclusion agglomeration is inclusion 
number density. The relatively high inclusion 
density in the sample used in this experiment (~ 90 
mass ppm) may be the reason for the difference in 
behavior. 
(a)  
(b)  
(c)  
Figure 2 Agglomeration of alumina inclusions: (a) 
observed on top of steel surface after CLSM experiment 
(b) observed on etched steel sample from induction 
furnace experiment and (c) observed on etched surface 
of sample taken during ladle refining 
Comparing the agglomeration of spinel (Figure 3) 
to alumina inclusions (Figure 2) reveals that spinel 
inclusions didnot sinter as readily as alumina 
inclusions, which can be attributed to the lower 
sintering temperature of alumina. Similar 
agglomeration behavior was also observed in the 
bulk sample from an induction furnace experiment,  
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Figure 3 (b). In such experiments, it was found that 
alumina clusters gradually transformed to spinel 
clusters due to magnesium pick-up in liquid steel 
from MgO crucibles. Similar transformation was 
also found in the industrial sample; 
Figure 3 (c) shows transformation of an alumina 
cluster to a spinel cluster at the location marked by 
an arrow.   
 
(a)  
(b)  
(c)  
 
Figure 3 Agglomeration of spinel inclusions: (a) 
observed on top of steel surface after CLSM experiment 
(b) observed on etched steel sample from induction 
furnace experiment and (c) observed on etched surface 
of sample taken during ladle refining 
3.3 Agglomeration of solid CaO-Al2O3-MgO 
inclusions 
 
Solid CaO-Al2O3-MgO inclusions were found to 
readily agglomerate and sinter during CLSM 
experiments and in bulk samples from an induction 
furnace experiment as shown in Figure 4(a) and 
(b). The formation of solid inclusions in industrial 
calcium treatment is avoided and hence there was 
no industrial sample available for comparison. 
3.4 Agglomeration of liquid CaO-Al2O3-MgO 
inclusions 
Figure 5 (a-c) shows liquid CaO-Al2O3-MgO 
inclusions observed in the three types of samples. 
During CLSM experiments, liquid inclusions did 
not attract each other on the melt surface. 
However, solid inclusions collided with liquid 
inclusions. In contrast, Ferreira et al.[7] found that 
the average size of even fully liquid inclusions 
increased with time in bulk steel, indicating 
agglomeration in bulk samples.  
(a)  
(b)  
Figure 4 Agglomeration of solid CaO-Al2O3-MgO 
inclusions: (a) observed on top of steel surface after 
CLSM experiment (b) observed on etched steel sample 
from induction furnace experiment 
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(a)  
(b)  
(c)  
 
Figure 5 Liquid CaO-Al2O3-MgO inclusions: 
(a) observed on top of steel surface after CLSM 
experiment (b) observed on etched steel sample from 
induction furnace experiment and (c) observed on 
etched surface of sample taken during ladle refining 
4. Conclusions 
The agglomeration behavior of inclusions in 
aluminum-killed and calcium-treated steels 
observed on the steel surface after CLSM 
experiments was compared with bulk samples 
from laboratory scale induction furnace 
experiments and industrial samples. Similar 
agglomeration behavior of solid inclusions was 
observed for all three types of samples. Alumina, 
solid CaO-Al2O3-MgO and spinel inclusions 
agglomerated in all three types of samples with 
significant sintering of the former two types of 
inclusions; spinel formed a loosely connected 
network. Agglomeration between fully liquid 
inclusions was not observed in CLSM experiments 
but it occurred in bulk samples. 
Acknowledgments: Support of this work by the 
industrial members of the Center for Iron and 
Steelmaking Research is gratefully acknowledged. 
We also acknowledge the use of Materials 
Characterization Facility at Carnegie Mellon 
University supported by grant MCF-677785. 
 
References 
1. H. Yin, H. Shibata, T. Emi, and M. Suzuki: ISIJ 
Int., vol. 37, no. 10, 1997, p. 936. 
2. H. Yin, H. Shibata, T. Emi, and M. Suzuki, ISIJ 
Int., vol. 37, no. 10, 1997, p. 946. 
3. H. Shibata, H. Yin, and T. Emi: Philos. Trans. 
Math. Phys. Eng. Sci., vol. 356, 1998, p. 957. 
4. Y. Kang, B. Sahebkar, P. R. Scheller, K. Morita, 
and D. Sichen: Metall. Mater. Trans. B, vol. 42, no. 
3, 2011, p. 522. 
5. W. Mu, N. Dogan, and K. S. Coley:  Metall. 
Mater. Trans. B, vol. 48, no. 4, 2017, p. 2092. 
6. G. K. Sigworth and Elliot J. F.: Met. Sci., vol. 8, 
1974, p. 298. 
7. M. E. Ferreira, P. C. Pistorius, and R. J. 
Fruehan:AISTech 2017 Proc., 2017, p. 2837. 
8. D. Kumar and P. C. Pistorius: AISTech 2016 
Proc., 2016, p. 1151. 
9. J. Tan and P. C. Pistorius: AISTech 2013 Proc., 
2013, p. 1301. 
10. D. Kumar and P. C. Pistorius: Ceram. Int., vol. 
43, no. 17, 2017, p. 15478. 
11. S. N. Singh: Metall. Trans., vol. 5, no. 10, 1974, 
pp 2165. 
12. W. Yang, L. Zhang, X. Wang, Y. Ren, X. Liu, 
and Q. Shan: ISIJ Int., vol. 53, no. 8, 2013, p. 1401. 
13. S. Kimura, K. Nakajima, and S. Mizoguchi: 
Metall. Mater. Trans. B, vol. 32B, 2001, p. 79. 
 419 
 
DESULPHURISATION OF HISARNA HOT METAL – A COMPARISON 
STUDY BASED ON PLANT DATA 
 
FNH Schrama, EM Beunder, JWK van Boggelen, R Boom 1 and Y Yang 1 
Tata Steel, The Netherlands 
(1. Dept. MSE, Delft University of Technology, The Netherlands) 
Corresponding author’s email: frank.schrama@tatasteel.com 
 
 
Abstract: HIsarna is a smelting reduction ironmaking process that is currently in the pilot plant development 
phase. HIsarna produces hot metal with higher sulphur, lower phosphorus and manganese, almost no silicon and 
titanium and a lower temperature compared to the blast furnace. Because of that, desulphurisation of the HIsarna 
hot metal is one of the challenges to ensure its use for steelmaking.Plant data from different Tata Steel plants in 
Europe and India was used to study the effect of carbon, silicon, phosphorus, manganese, titanium, chromium 
and temperature on hot metal desulphurisation by magnesium lime co-injection. The analysis of the plantdata 
implies that the composition of HIsarna hot metal will be in favour of sulphur removal. Furthermore significant 
correlations were found between carbon, silicon and desulphurisation efficiency that needs further research. 
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1. Introduction 
At the site of Tata Steel in IJmuiden (the 
Netherlands), a novel iron production process, 
called HIsarna, is developed in close cooperation 
with ULCOS (a European Union programme) 
and Rio Tinto. HIsarna aims for a reduction of at 
least 20% in CO2 emissions for steel production, 
through improving the energy efficiency of iron 
making by replacing several processes (coke 
oven, sinter plant, pellet plant and blast furnace 
(BF)) with a single process. The process is 
designed to enable efficient CO2 capture and 
storage, which will reduce emissions by 80%[1]. 
 
Figure 1 HIsarna process scheme. 
Figure 1 shows a schematic overview of the 
HIsarna process, which consists of two parts. 
The pre-reduced (10-20 % reduction) and molten 
ore from the Smelt Cyclone will dissolve entirely 
into the slag, which leads to a high metal-slag 
interface in the emulsion. The turbulence created 
by the formation of CO gas further increases the 
metal- slag contact, which leads to a higher FeO 
content (~6%) in the emulsion than in BF slag. 
In the Smelting Reduction Vessel (SRV) the pre-
reduced ore is further reduced by the injected 
coal. O2 is injected to partly oxidise the carbon to 
form CO.The temperature in the SRV (1400-
1450 °C) is lower than in a BF because the 
strongly endothermic reduction of FeO takes 
place in the SRV, while part of the exothermic 
carbon oxidation takes place at the top.This also 
meansthat the hot metal (HM) is tapped at a 
lower temperature. The HM is tapped separately 
from the slag, resulting in no HM-slag reactions 
after tapping[1], [2]. 
Table 1 Typical HM compositions for BF and 
HIsarna. 
*typicaldata from Tata Steel IJmuiden. 
**data from HIsarna campaign D, 2014. 
Due to the less reducing environment in the 
SRV, compared to the BF, the HIsarna HM 
(HsHM) typically contains very little Si, low P 
and Mn. HsHM also contains slightly less C. On 
the other hand it contains more S, since HIsarna 
is not a good desulphuriser compared to the BF 
due to the higher oxygen potential. Because coal 
Element BF range 
[%]* 
HIsarna 
range [%]** 
HIsarna vs BF 
C 4.5-5.0 3.7-4.3 lower 
S 0.02-0.06 0.1-0.2 higher 
Cr 0.009-0.013 0.03-0.10 higher 
P 0.06-0.08 0.02-0.06 lower 
Mn 0.25-0.4 0.02-0.05 lower 
V 0.05-0.07 0.005-0.013 lower 
Si 0.3-0.7 0.003-0.013 Close to 0 
Ti 0.05-0.11 0-0.002 Close to 0 
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is used instead of coke, the S input is higher per 
tonne produced HsHM. However, since [S] is 
still mainly controlled by the input, the use of 
low sulphur coal can partly make up for the 
lower desulphurisation capacity of HIsarna. An 
industrial HIsarna will be able to produce HM 
with less S than is depicted in Table 1[1], [3]. 
2. Theoretical analysis 
2.1 Desulphurisation with Mg and CaO 
The mechanism of hot metal desulphurisation 
(HMD) via co-injection of Mg and CaO has been 
well described in literature[3]–[5]. Dissolved Mg 
reacts with[S], forming MgS (reaction 1) that 
precipitates on nucleates (e.g. CaO, Ti(C,N)), 
leading to larger MgS-containing particles that 
rise to the slag layer. In the slag the MgS reacts 
with lime to form the more stable CaS (reaction 
2). A small part of the desulphurisation takes 
place directly between CaO and dissolved S 
(reaction 3). 
 (1) 
 (2) 
 (3) 
The formation of CaS (via reactions 2 and 3) is 
controlled by kinetics, in particular the contacts 
of the reactants. CaO can get blocked by CaS, 
graphite and 2CaO.SiO2. This decreases the 
desulphurisation efficiency [3], [5], [6]. 
(4) 
Equation 4 shows the general desulphurisation 
reaction between HM and slag. A low oxygen 
activity (a[O]) and a high sulphur activity (a[S]) in 
HM is beneficial for HMD.The a[S] and a[O] in 
HM are influenced by other elements. The 
presence of C, Si and P (in decreasing order) all 
have a positive influence on a[S] (and a negative 
on a[O]). According to thermodynamics, the 
partial pressure of O2at lower 
temperatures(below 1850 °C)is controlled by 
[Si] rather than [C] [4].Mn and Cr (in decreasing 
order) have a negative influence on a[S][3], [6], [7]. 
2.2 Desulphurisation of HIsarnaHM 
The lower C, Si, P and Ti concentrations and 
higher Cr concentration in HsHM will lead to a 
higher a[O], which has a negative effect on 
HMD[6]. The lower Mn in HsHM should have a 
slight positive effect on HMD. However, since 
Mn reacts with S, it also contributes to HMD. 
Furthermore the absence of Ti and Si and the 
lower [C] leads to less nucleation sites for MgS, 
which hampers the HMD. 
On the other hand the lower C and Si 
concentrations in HsHM will decrease the 
graphite and silicate layers around CaO, which 
enhances reactions 2 and 3. Furthermore, 
Visser[5] found that in the HM just underneath 
the slag the temperature is lower, which leads to 
a local oversaturation of C. This C precipitates as 
graphite flakes that prevent the MgS to reach the 
CaO for reaction (2). A higher [C] would 
enhance this effect and thus decrease the HMD 
efficiency.  
The lower temperature of HsHM will lead to an 
increased desulphurisation efficiency with Mg, 
since lower temperatures have a positive effect 
on the thermodynamics of reactions 1 and 2[3]. 
2.3 Desulphurisation efficiency 
To compare the HMD efficiency for different 
produced heats in one plant, the specific 
magnesium consumption (ṁMg)is used: 
 (5) 
MMg and MΔSare the total mass of injected 
magnesium and removed sulphur, respectively. 
Using ṁMg to measure efficiency neglects the 
influence of lime. However, since most steel 
plants use a fixed ratio between Mg and CaO and 
the influence of Mg is much larger than of CaO, 
ṁMg gives a good indication of the HMD 
efficiency. Due to differences in reagent purity 
and Mg:CaO ratios, equation 5 cannot be directly 
used for comparison between different plants. 
3. Plant data 
For this study a set of 9484 heats with 
[S]>500ppm, produced at Tata Steel IJmuiden 
between 2014 and 2016 was used. As a reference 
a set of 584 heats from LD1, produced in 2016 at 
Tata Steel Jamshedpur and a set of 228 heats 
with [S]>700ppm produced in 2016 at Tata Steel 
Port Talbot were used. 
Carbon in HM is not directly measured in the 
steel plants, but calculated via an equation. For 
this paper the equation of Neumann is used [8]: 
                                                (6) 
Where T is the temperature in °C and the 
concentrations of the elements are in wt%. 
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Figure 2 Average HM composition (P, Ti, Cr and S 
x10) and Tper ṁMg group for the IJmuiden heats. 
Figure 2 shows the change in HM composition 
for different ṁMg. It shows the strong correlation 
between [Si] and [Ti]. Also efficiently 
desulphurised HM contained on average more 
Mn and P. This can be contributed to the 
temperature effect. Lower temperatures increase 
HMD efficiency, which is also supported by the 
data. However, at higher ṁMg values the average 
temperature is decreasing again. Since 
temperature in the BF has a strong effect on the 
[C] and [Si] [9], the average [C] and ṁMg are set 
against the [Si] in Figure 3 (all points contain at 
least 6 measurements; between 0.25-0.7%[Si] at 
least 100 measurements). 
 
Figure 3 Average ṁMg and [C] for different [Si]. Error 
bars indicate standard deviation (σ) of the 
distribution. 
The data shows that HMD is more efficient for 
low or high [Si] heats, while for heats with an 
average [Si], HMD is less efficient. This same 
‘arc’ appears when plotting [C] (calculated via 
equation 5) versus [Si]. The plant data also 
shows that there is a linear correlation between 
[C] and ṁMg (Figure 4). This correlation is strong 
and supports the theory of Visser[5]. 
The data of Port Talbot does not show the 
decrease in ṁMg at high [Si] (Figure 6). The 
average [C] decreases a little above 0.5% [Si], 
but the decrease is smaller than σ. [C] is 
calculated and ṁMg is derived fromin-blow 
measurement of [S]in the oxygen steelmaking 
converter. 
4. Discussion 
The most remarkable trend in the IJmuiden data 
is the correlation between [Si] and [C], and ṁMg. 
At low [Si] and [C], a lower ṁMg can be 
explained by the fact that these heats have on 
average a lower temperature and a higher [S] 
values. For high [Si] the data shows no influence 
of temperature or [S], because the [C] and ṁMg 
follow the same trend when plotted against the 
[Si]. A possible explanation is that at low [Si], 
[C] and [Si] are controlled by temperature and 
[S] (see equation 6), and thus follow the same 
trend (these correlations are well described in 
literature). However, at high [Si], Si and C start 
competing, which leads to a lower [C]. The 
carbon concentration, together with temperature, 
is the main controlling factor for HMD 
efficiency.  
 
Figure 4 Average ṁMgfor calculated [C]. Error bars 
indicate σ of distribution. 
In the data from Jamshedpur (Figure 5) the same 
trend can be found, that HMD is more efficient 
at low and high [Si]. However, the data set is too 
small and the measurement error too large to 
draw conclusions from this figure. 
 
Figure 5 Average ṁMg vs [Si] in Jamshedpur. Error 
bars indicate σ of distribution. 
For HsHM this would have no influence, since 
HsHM contains only little Si and is possibly not 
C saturated. In fact, the low [C] could even mean 
that the effect of local oversaturation (causing a 
higher ṁMg) is decreased or even avoided. 
However, the lower temperature of HsHM would 
again enhance this effect.  
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Figure 6 Average ṁMg and [C] vs [Si] in Port Talbot. 
Error bars indicate σ of distribution. 
At the same time the effect of a[O] cannot be 
confirmed by the data. If a[O] would play a major 
role in HMD, high [Si] and high [C] (so low a[O] 
in HM) would have a positive effect on HMD 
efficiency. However, more [C] only has a 
negative effect on the HMD efficiency, while the 
seemingly positive effect of high [Si] on HMD 
seems to be caused by a lower [C] rather than the 
[Si] itself. This does not mean that a[O] plays no 
role at all in HMD; it only seems to have less 
influence than other factors. The small or absent 
negative effect of a[O] on HMD is beneficial for 
HIsarna, since the a[O] is expected to be higher in 
HsHM than HM from the BF. However, if 
HsHM has a significantly higher a[O], its 
influence on the process could be higher too. 
The low temperature of HsHM itself will also 
have a positive effect on HMD efficiency with 
Mg. This efficiency will be further increased by 
the higher [S] in HsHM.  
 
It should be kept in mind that the used IJmuiden 
data set contains only heats with a S>500 ppm. 
This could intensify or hide certain effects on 
HMD efficiency. Because the data sets of Port 
Talbot and Jamshedpur were smaller than the 
IJmuiden data set, their trends had a larger 
statistical error. These data sets were therefore 
only used to see if they did not contradict the 
IJmuiden data set. 
5. Conclusion 
Plant data from three steel plants was analysed to 
study the effect of HM composition and 
temperature on HMD efficiency for Mg-CaO co-
injection, in order to predict the consequences 
for desulphurisation of HM from HIsarna. Lower 
[C] and almost absent [Si]are very likely to have 
a positive effect on HMD efficiency. The effect 
on HMD by the independent elements Mn, P, Ti 
and Cr could not be found. The fact that the 
influence of oxygen activity could not be found 
for HMD, suggests that its effect will be modest 
as well for HsHM desulphurisation. The lower 
temperature of HsHM is also beneficial for HMD 
with Mg. The higher [S] inHsHM will lead to a 
better HMD efficiency, although the total 
amount of Mg required to reach the same final 
[S] will increase. 
Apart from that, the effect [C] and [Si] on the 
specific consumption of Mg at higher [Si] should 
be further investigated. Also the effect of Mg 
solubility needs to be investigated. 
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Abstract: In order to develop better mathematical understanding of drainage dynamics during emptying of 
steelmaking reactors, numerical modeling has been carried out. As a typical example, transport funnels formed 
during draining of water models of ladle and similar geometries was investigated. Towards this, a RANS based, 3D, 
transient approach embodying realizable k-ε turbulence and multiphase VOF formulations was developed. ANSYS 
Fluent™ was used to carry out the simulations. Computed results together with scaled model experiments indicated 
that predictions of fundamental flow dynamics were physically realistic and in line with scientific evidence. 
However, on a quantitative scale, apparently systematic deviation from the physical model results was noted. 
Potential reasons are discussed in the presentation and in such context, the role of prior stirring, natural convection 
(non-isothermal modeling) and tracking of the unsteady period of funnel development are highlighted. 
 
Keywords: Slag entrainment, multiphase modeling, vortex formation, ladle metallurgy 
 
1. Introduction 
The formation of slag transport funnels during 
ladle drainage is a major deterrent to process 
efficiency. The outflow volume develops a core 
extending from slag-metal interface to the outlet, 
appearing as shown in Fig. 1. The transported slag 
is dispersed into refined steel in the subsequent 
tundish, damaging product composition and 
cleanliness. Consequently, ladle drainage is halted 
with a minimum residual steel, at the appearance 
of slag transport. Understanding and modeling it 
becomes important in terms of process design, as 
sophisticated monitoring of bath dynamics 
becomes difficult and expensive, with limited 
precision because of high operating temperatures 
and visual opacity of steel-slag system. 
In research through physical modeling, water and 
mercury are well-accepted as steel equivalents for 
cold model experiments [1-5] to understand the 
effect of process design parameters. Numerical 
modeling [6-8] takes a root cause analysis approach, 
starting with and building upon the fundamental 
mathematics behind flow physics. Advances in 
computational efficiency have made numerical 
simulation an increasingly viable alternative to 
physical modeling exercises, partly due to 
difficulty of modeling and handling physical 
experiments, combined with the ability to 
explicitly model and investigate the minutae of 
flow physics in simulations. However, numerical 
modeling exercises have often limited themselves 
to single or two fluid (steel-air) systems, whereas 
three dimensional, transient systems with three or 
more phases (steel-slag-air) are known to differ 
significantly its simpler counterparts [1]. 
 
Figure 1 A developed transport funnel in a water  + 
mustard oil system contained in a cylindrical tank 
2. Investigation 
In order to study the evolution of slag transport 
funnels a transient three dimensional turbulent 
multiphase model was developed based on Volume 
of Fluid (VOF) approach to capture phase 
interaction. Reynolds Averaged Navier-Stokes 
(RANS) equations are solved for mixture velocity. 
Realizeable k-ε model [9,10] for turbulent viscosity 
was adopted to calculate effective viscosity in the 
system under turbulent bath dynamics. 
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The numerical model’s accuracy was evaluated 
using a cylindrical water bath, with mustard oil 
and petroleum ether used to simulate two varieties 
of overlying liquid. Table 1 summarizes physical 
properties of simulated fluid phases. 
Table 1 Physical properties of multiphase fluid systems 
Fluid 
Density 
(kg/m3) 
Viscosity 
(mPa.s) 
Surface 
(air) 
(N/m) 
Tension 
(water) 
(N/m) 
Water 998 1.003 0.072 - 
Petroleum 
Ether 
640 0.38 0.044 0.016 
Mustard 
Oil 
919 70 0.051 0.035 
Air 1.225 0.018 - 0.072 
 
The system was stagnated and bottom drained 
through a centrally located nozzle of variable size. 
Numerically obtained values for critical bath 
height, Hcr of these stagnant baths were found to 
predict experimental values reasonably well, with 
less than 10% error compared to physically 
observed funnels. Parametric analysis on the 
model’s results indicated outlet size and upper 
phase density to be dominant factors, along with 
initial state of motion in the bath, while the initial 
height of liquid (initial size of bath) was found to 
be largely inconsequential.  
Strong influence of pre-existing tangential velocity 
field was evident in simulations where prior to 
drainage, a steady state rotation of 180o per second 
(30 RPM) was induced at the wall of the 
cylindrical bath. Compared to drainage of an 
identical multiphase system from stagnant state, 
funnel development was expediated on account of 
vortex effect, resulting in a 30% increase in Hcr. 
After validating the model’s accuracy 
experimentally, it was then used to predict flow 
dynamics in a scaled down water model of 140t 
eccentrically drained ladle. In the physical setup, 
the ladle was filled with water to the height of 600 
mm (equal to the ladle diameter), topped with a 20 
mm layer of petroleum ether and agitated to a 
steady state of circulation by bottom injection of 
air. This was followd by a standby time of 15 
minutes to allow decay of residual velocity [11] 
before draining the bath eccentrically from nozzle 
located at D/4, expecting a well stagnated bath. 
The corresponding simulation was run from a 
stagnant state of bath at height 320 mm (~0.5D), 
based on the observed independence of Hcr from 
initial bath height during investigations with the 
cylindrical bath. 
3. Discussion 
The numerical system was found to grossly under-
predict the critical bath height at which 
entrainment starts (0.1D), expecting its occurrence 
significantly later than physical observation 
(0.19D). 
Table 1 shows the predicted values of normalized 
critical bath height Hcr/D, under similar relative 
outlet diameter, d/D, for the two physical systems. 
Compared to the cylindrical bath, simulation of 
ladle drainage predicts a much lower value of Hcr, 
one that might be attributed to the role played by 
nozzle eccentricity [5,14]. Contrary to this, the 
corresponding physical observations in the two 
baths are much closer in value. 
 
Table 2 Comparison of critical height across geometries 
Vessel d/D 
Hcr/D, 
actual 
Hcr/D, 
predicted 
Cylindrical bath 0.06 0.17 0.17 
Model ladle 0.04 0 .19 0.10 
 
In terms of process design, stirring of ladle using 
gas injection appears to be the primary 
differentiating factor between the two physical 
systems discussed, in addition to the location of 
drainage nozzle. Such systemic differences 
encourage a discussion on the elements of 
mathematical modeling, their apparent 
implications on accuracy of modeling time-
evolving transport funnels, particularly in the 
context of slag entrainment particularly but also 
steel melting and refinement dynamics in general. 
3.1 Elements of mathematical modeling 
It is notable that standby times prior to drainage 
are comparable for both systems, and therefore, so 
is the expected degree of stagnation. However, 
looking at the role of tangential velocity field and 
the low likelihood of violation of nozzle 
eccentricity effect, the role of residual velocity 
appears more probable behind the observed 
inconsistency in bath heights, ie the physical ladle 
may not have achieved true stagnation as in case of 
the cylindrical bath. 
Based on observations, the modeling of initial 
velocity field appears to be one such important 
element. In steelmaking ladles, these velocity 
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residuals may typically be generated from end-
stage Argon bubbling prior to drainage. As the gas 
injection rate and angle are controlled parameters, 
tailoring the gas-liquid dynamic towards end of 
refining can be a possible method to tailor the 
subsequent flow during drainage. 
For modeling industrial non-isothermal steel-slag 
systems, temperature dynamics of the bath play a 
significant role in influencing flow behavior. 
Temperature gradients and consequent density 
changes lead to buoyant natural convection, 
sinking colder metal along the ladle wall, while the 
hotter core rises and spreads out. These vertical 
eddies have been found to accelerate drain sink 
formation.[6] 
Identifying and modeling elements of the flow 
provide a way to understand the influence of 
various sources of momentum and analyze the 
evolution in their presence. 
3.2 Analytical understanding of flow 
evolution 
Teeming of ladle and associated flow phenomena 
are primarily driven by body forces, ie gravity and 
inertial interaction. The development of gravity 
driven vortices, such as slag transport funnels, can 
be segmented into stages:  
i. The appearance of dimple at the fluid interface 
close to the axis of drainage, indicating a visible 
onset of downward pull on the upper phase. 
ii. Downward extension of the dimple towards the 
nozzle, as the pull by the outflow gets stronger. 
iii. Formation of a fully developed funnel core 
extending from interface to outflow orifice. The 
flux of steel in outflow decreases sharply, replaced 
instead by the entrained slag. 
Tracking the unsteady, developing stage of the 
evolving funnel brought to notice an important 
flow phenomenon. In the developing stage of 
funnel in physical drainage, the formation of 
surface dimple is followed by a sustained period 
where particulate quanta of slag (petroleum ether) 
are seen to break away from the bulk and down the 
funnel’s core.  This droplet transport continues for 
a significant period of time (approximately 12 s) 
before a fully formed funnel develops. Fig. 2 
shows an instance of this period of particulate 
entrainment. No such correspondence was seen in 
earlier experiments in the cylindrical bath. 
 
Figure 2 Unsteady entrainment of particulates 
 
It is notable that while the numerical model does 
not capture critical bath height with accuracy, and 
is without a possibly critical presence of residual 
velocity fields, it nevertheless shows evidence of 
particulate entrainment. Tracking the volume 
fraction contours of model slag gives an 
understanding of the movement of fluid interfaces. 
In the moments preceding funnel formation, as 
bath height drops to approach Hcr, discrete quanta 
of slag are recorded traveling down the outflow 
stream, as seen in Fig. 3. 
 
 
Figure 3 Unsteady period of entrainment as seen from 
predicted numerical results 
 
A fully developed gravity driven vortex is 
characterized dominantly by these body forces. 
However, the simplistic model of evolution in the 
form of a continuum of slag moving downward, as 
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discussed earlier, might not be an apt 
representation to capture particulate entrainment of 
slag. While the primary forces driving the flow do 
not change, the unsteady period might see a more 
pronounced effect of interfacial shear and 
adhesion-cohesion dynamic of the multi-fluid 
system. If so, a fluid with high viscosity would not 
be expected to undergo particulate shearing by 
local relative motions.  
Such subtleties in bath dynamics stress upon the 
importance of designing a numerical model with 
ability to capture flow intricacies, an exercise in 
translating real world physics into a mathematical 
order. 
3.3 Suitability of modeling approach 
While alternative formulations have been 
explored[7], multiphase VOF models, being 
suitable for immiscible fluid continua, are the 
method of choice for bulk steel-slag interactions, 
such as in the current investigation. It might appear 
that in the context of droplet entrainment during 
funnel development, a Large Eddy Simulation 
(LES) based approach (instead of RANS based) 
can be better suited to capture interface 
perturbations and fluctuations over small length 
scales. However, two arguments discourage this 
choice: LES is associated with high computational 
expense compared to RANS based approach; and 
as seen in Fig. 3, the currently applied model 
should not be dismissed as incapable of capturing 
these slag droplets, but rather explored for 
improvement in flow capturing precision.  
The sharpness of interfaces captured via VOF 
tracking directly depends on the grid refinement, 
although it comes with the drawback of 
computational intensity. A computationally 
optimized treatment can be explored utilizing 
dynamic local refinement of the spatial domain, 
with detailed meshing around the funnel core and 
slag-metal interface, while far-off regions are 
discretized coarsely. Multiphase modeling on such 
partially refined meshes can be coupled with 
velocity formulations for inducing shear at slag-
metal interface, derived on the basis of analytical 
and numerical modeling of gas-liquid plume 
during gas injection. Moreover, exploring shear 
interactions of steel and slag in the peripheral 
region of such plumes can serve for understanding 
the microscopic entrainment behavior at slag-metal 
interface and general underlying slag-metal 
interaction physics. 
4. Conclusion 
The observed prediction errors in the turbulent 
multiphase numerical model emphasize the scope 
of improvement in fundamental modeling and 
computation of steelmaking flow dynamics. The 
insights from investigation and subsequent 
discussion encourage a deeper look at fundamental 
physical and mathematical understanding of 
steelmaking hydrodynamics under influences of 
external sources of velocity, critical criteria for 
microscopic onset of slag entrainment. Moreover, 
the search for new robust and suitable numerical 
treatments is important to tackle flow physics with 
maximum relevance on the spectrum of generality 
and realism. 
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Abstract: Coke is the fuel used for iron making in conventional process routes like blast furnace. COREX is 
one of commercially proven alternative iron making routes developed by researchers to produce hot metal from 
iron ore directly using coal, in cost effective and environmental friendly manner. COREX is two stage smelting 
reduction process, which consists of reduction shaft placed above the melter gasifier. Melter gasifier completes 
the reduction and smelting of pre reduced ores from reduction shaft, along with coal gasification. Although 
100% replacement of fuel requirement by coal is not possible and some amount of coke is also charged in Corex 
process depending upon the quality of coal affordable by industries. Present work investigates such possibilities 
with the help of a thermodynamic model of Corex melter gasifier using FactSage macro-programming approach. 
The resulting mathematical model not only predicts the weights and compositions of hot metal, slag and top gas 
but also studies the effect of degree of metallization on coal/coke consumption. 
 
Keywords: Smelter gasifier, FactSage™, metallization, fuel utilization 
 
1. Introduction 
COREX is one of the commercially established 
smelting reduction processes to produce molten 
iron of the blast furnace grade from the iron ores. It 
(formerly known as KR method) was initially 
developed by German Korf Company and VAI in 
late 1970s[1].  The process consists of two reactors 
namely reduction shaft and melter gasifier as 
shown in Figure 1. The iron ore gets pre-reduced to 
wustite in reduction shaft and transported to melter 
gasifier where final reduction of wustite takes place 
and molten metal is tapped. The reduction gas 
being generated in the melter gasifier is recycled 
through the cyclone to the reduction shaft for pre-
reduction. The percentage of the reduction gas 
being recycled, based upon the CO/CO2 ratio of the 
gas, decides the efficiency of the process.  
The comprehensive model of the process, which 
can predict the input parameters based on the raw 
material quality, was a challenge to the researchers. 
Koria et al.[2,3] has studied the influence of post 
combustion ratio and degree of metallization 
through a static thermochemical model. Qu et al.[4] 
has developed a comprehensive static model of 
COREX, which was restricted to species balance of 
Fe, slag, MgO, and Al2O3. The coal and coke fed 
to the process is known to be used for reduction 
and smelting. The fractions of coal and coke 
utilized for reduction and smelting will help to 
understand the process in depth. A thermodynamic 
model for the COREX melter gasifier was 
developed by Srivastava et al.[5]. This model tries 
to predict the hot metal and slag composition for 
different degrees of metallization, with raw 
material quality as inputs. This model also contains 
a simplified coal pyrolysis module for smelter 
gasifier. 
 
 
Figure 1 COREX Process 
The present work is a study on the effect of 
fractions of coal and coke utilized for reduction 
and smelting respectively. The present 
thermodynamic model has been developed using 
FactSage macro program. The model divides the 
melter gasifier into different equilibrium zones and 
tries to perform material balance in each zone and 
overall heat balance. The model predicts the output 
quantity and composition of hot metal, slag and 
exit gas for given set of operating conditions and 
raw material quality. 
2. Thermodynamic model 
The smelter gasifier of the Corex process was 
modeled thermodynamically. The melter gasifier of 
COREX was divided into six equilibrium / 
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stoichiometric reactors, namely A, B, C, D, E, and 
F, have been considered in the model described in 
flow chart shown in Fig. 2. The free energy 
minimization principle with the help of FactSage 
6.4 software (CRCT, Montreal, Quebec, Canada)[6] 
was used for all computations in the various 
reactors involving their inputs. The overall heat 
balance was performed at the end of calculation. 
FToxid, FTmisc, and FactPS databases were 
selected for the calculation. FToxid, FTmisc, and 
FactPS solution and compound databases contains 
the data for oxide solutions, dilute liquid alloys and 
pure substance and all stoichiometric solid and 
liquid oxide, dilute liquid alloy compounds 
evaluated/optimized by the FACT group[7]. 
 
 
Figure 2 Flow Sheet of the Macro Program 
Coal pyrolysis and gasification phenomena, has 
been dealt by three reactors (reactor A, B, and C) 
whereas the other two reactors (reactor D and E) 
deals with the reduction and smelting of directly 
reduced iron (DRI). Reactor F has been considered 
for the equilibration of gas streams of reactors A, B 
and E. The inputs to the model as obtained from 
plant data of JSW steel’s COREX plant: 
 
(i) Ore Composition (in %): Fe2O3: 90.36%, Mn: 
1.07%, P2O5: 1.60, FeS: 0.01%, SiO2: 4.42%, 
Al2O3: 2.56% 
(ii) Raw Materials (kg/THM): Ore Pellets: 1340, 
Ore fines: 141, Flux: 330, Coal: 900, Coke: 222 
(iii) Temperature: Coal: 298 K, Coke: 298 K, 
Oxygen: 298 K, DRI: 1503K 
The temperature and pressure of these reactors 
obtained from work of Srivastava et al.[5].  
(iv)Reactor Temperature: A: 1073 K, B: 1503 K, 
C: Adiabatic Calculation, D: 1863 K, E: 1773 K, F: 
1503 K. 
Reactors A, B, and F represents the free board 
zone, where devolatilization of coal, decomposition 
of volatile matter, dust burning, and partial 
gasification the char occurs. Reactor A performs 
drying and primary pyrolysis reactions. Reactor B 
deals with the burning of carbon with oxygen to 
form a dust burner. The reacted char obtained from 
reactor B undergoes adiabatic combustion in the 
reactor C (adiabatic reactor). The temperature of 
this reactor is computed from the adiabatic 
conditions requirement. Reactor E receives 
metallized DRI from reduction shaft, which is 
reduced by coke fed into this reactor (E). The 
reduced charge obtained from the reactor E is 
smelted in the reactor D along with coke to 
produce the hot metal and slag. Reactors E and D 
are arranged sequentially to simulate the counter 
current flow between solids and gases. One more 
reactor, reactor F, has been considered which 
equilibrates the gas output streams of reactor A, B, 
and E. 
3. Simulation 
The model algorithm considers two splitters, 
namely for coke and coal, as shown in Fig. 2. The 
coal char stream 4 from Reactor B splits for direct 
reduction (E) and combustion (C) as stream 7 and 
8, respectively. The coke charged in melter gasifier 
is also splitted into stream 13a and 13b, for direct 
reduction (E) and smelting (D) of ore. The splitter 
for coke and coal were varied individually to study 
the effect of the fraction of utilization of coal and 
coke for reduction and smelting. The term “coal 
ratio” is defined as the fraction of dry devolatized 
coal utilized for combustion and “coke ratio” is 
defined as the fraction of coke consumed for 
smelting.  
4. Results and Discussions 
4.1 Influence of degree of metallization: 
The influence of varying degree of metallization 
from 10% to 99 % on slag, utilized gas after direct 
reduction, solid after direct reduction, and reducing 
gas are plotted in Figure 3.  Other process 
parameters were kept constant as obtained from the 
JSW COREX plant. The ratio of coke for smelting 
was taken as 0.5, and ratio of coal char for 
combustion was taken as 0.9.  
The slag generated decreases gradually from 455 to 
418 kg with the increase in degree of metallization 
from 10% to 80% as shown in Fig. 3(a). On further 
increase in degree of metallization the amount of 
slag produced remains constant. Opposite trend is 
observed for the direct reduced ore coming from 
Reactor E as shown in Fig. 3(c), which remains 
zero up to 80% degree of metallization, starts 
increasing and reaches 200kg on further increase. 
The gas from direct reduction decreases with 
increases in degree of metallization from 1000 to 
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750 kg, as shown in Fig. 3(b), which can be 
attributed to low amount of iron oxide in highly 
metallized output of reduction shaft. 
  
  
 
Figure 3: Influence of degree of metallization on amount 
of (a) Slag, (b) Gas from direct reduction, and (c) Direct 
reduced Ore 
4.2 Influence of coal ratio 
Similar study was performed for coal ratio, the 
degree of metallization was kept constant at 90% 
and coke ratio was held at 0.5, thus providing equal 
coke for direct reduction and smelting. The coal 
ratio was varied from 0.01 to 0.99. The influence 
of this variation was studied on total reduced ore 
mass, combustion gas, combustion char, and direct 
reduced ore.  
 
 
Figure 4: Influence of coal ratio on (a) total reduced 
ore and; (b) direct reduced ore quantity 
 
Total mass of reduced ore decreases gradually from 
1280 kg to 1180 kg for increase in ratio of coal for 
combustion from 0.14 to 0.99, as shown in Figure 
4(a). It is noticed from Figure 4(d), the amount of 
reduced solids by direct reduction decreases with 
higher ratio of coal diverted for coal combustion. 
At higher ratios of 90% of coal being available for 
combustion no direct reduction is feasible. This 
reason cause to steep change in amount of total 
reduced ore for less than 10% of coal is made 
available for direct reduction. 
Gas evolved during combustion increases from 600 
to 1100 kg as the higher ratio of coal is combusted 
as shown in Figure 5(a), which leads to higher 
amount of combustion products from 100 kg to 220 
kg, as observed from Figure 5(b). 
4.3 Influence of coke ratio 
The degree of metallization was kept constant at 
90% and coal ratio was kept constant at 0.9. The 
coke ratio was varied from 0.01 to 0.99. The 
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response of this variation was recorded for amount 
of direct reduced solid, as shown in Fig. 6.  
 
 
 
Figure 5: Influence of coal ratio on (a) Combustion 
gas and; (b) Combustion char quantity 
 
Figure 6 shows that the amount of direct reduced 
solid decreases with increase in ratio of coke 
supplied for smelting.  This behavior is due to 
unavailability of carbon for direct reduction. If 
more than 60% of the total coke is used for 
smelting, then the no direct reduction of ore takes 
place, as entire solid will be reduced in the 
previous stages, using the gas generated from 
combustion of coal.  
5. Conclusions 
The thermodynamic model of Corex melter gasifier 
has been developed using FactSage™. The fraction 
of coke divided between direct reduction and 
smelting was varied and its influence on output 
parameters were studied. The degree of 
metallization should be more than 80% for direct 
reduction, which utilizes the gas effectively, 
increase direct reduced ore from 0 to 21300 
kg/THM. As the amount of coke charged in the 
process is 20% of total fuel charged, its effect was 
negligible on other output parameters except on the 
mass of direct reduced ore. This indicates the 
complete reduction by gases in previous stages, for 
more than 60% coke used for smelting. The 
fraction of coal made available for combustion was 
varied and its effect on the other output parameters 
were studied. As the coal available for combustion 
increases the combustion products also increases 
twice (12 to 24 kg/THM of char) which later help 
in reduction of ore by gas and decreasing the 
amount of direct reduced ore to 325 to 0 kg/THM.   
 
 
Figure 6: Influence of coke ratio on amount of direct 
reduced solid 
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Abstract: Intermixing phenomenon under fully transient condition is modelled mathematically under constant 
throughput condition for a four strand bloom casting tundish. To this end, FLUENTTM was used and a three 
dimensional, unsteady state, multiphase, turbulent flow model was developed to compute concentration fields 
during mixing of dissimilar grades in the tundish. Most notably, to simulate constant throughput condition 
during intermixing, instead of computationally intensive dynamic meshing (required to capture progressive 
lowering of stopper rod during re-filling), a Bernoulli Equation based, time dependant, simple “divide and 
conquer” algorithm was successfully deployed in the calculation scheme.  To this end, a UDF routine was 
written and integrated into the main calculation module. It is shown that the procedure could ensure constant 
throughput rate at all times and produces estimates of intermixing time that are in reasonable agreement with 
equivalent experimental measurements.   
 
Keywords: Fluent, volume of fluid, throughput rate, divide & conquer and computational complexity 
 
1. Introduction 
During continuous casting process, as the teeming 
ladle is exhausted, it is replaced with a new ladle. 
And, if the molten steel compositions are different 
in old and new ladle, then a bloom of varying 
composition having an intermediate composition 
between two grades, will be produced for some 
time. This process is called grade intermixing 
phenomena and time for which intermixed grade 
is produced is called grade intermixing time. 
Different stages during this process can be 
explained by the Fig. 1. 
 t<t1; old grade of ladle is being teemed into 
tundish at constant rate and steady state bath 
height is maintained in the tundish 
 t1<t<0; old ladle is removed and bath height is 
decreasing continuously and cast composition is 
C1 since no material flows into tundish but 
casting   rate   is   maintained   constant   using 
stopper rod 
 0<t<t1; new grade ladle is being teemed 
into tundish, bath height is increases but 
composition at strand is C1 since material from 
ladle take some time to reach the outlet 
 t1<t<t2;   this   is   grade   intermixing   period, 
casting having an intermediate grade is 
produced and bath height is increasing 
 t<t2; steady state bath height is reached and 
slab composition C2 results. 
During the period  t1<t<t2 bath depth of liquid 
inside tundish first decreases then increases 
because of which casting rate tends to change 
but with the help of slide gates or stopper rods 
casting rate is maintained constant throughout in 
industry. 
    
 Figure 1 Changes in melt composition and bath 
height during ladle changeover operation [1] 
 
Despite the importance of grade intermixing 
phenomena in the industry and many modelling 
studies, a 3-D unsteady state, multiphase, 
turbulent formulation of the phenomena under 
constant rate has not been possible till date. The 
latter, as might anticipate, could only capture the 
actual physics of the industrial grade intermixing 
process [3].  
2. Mathematical modelling  
Grade Intermixing phenomena were simulated for 
a water model tundish system [2] considering 
constant thermo physical properties, temperature 
and an incompressible fluid. Simulation of grade 
intermixing requires consideration of two or more 
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phases since  tundish volume changes with time 
and   the calculation domain tends to be occupied 
by different phases (slag , air and melt) at 
different instant of time. Thus a transient, 
turbulent, VOF model was employed to calculate 
the flow field inside the tundish as a function of 
time. The flow and turbulence model equations 
were coupled to a transient scalar transport model 
in order to calculate changing concentration field 
in the tundish during grade intermixing. To 
simulate turbulence, two equation k-ε model [3] 
has been applied. Governing equations are well 
known and available in ref. [1]. Consequently, 
these are not reproduced here. Various stages of 
grade intermixing computation were 
accomplished by manipulating initial condition 
with time. The commercial CFD package of 
ANSYS Fluent [4] was used to this end. 
 
Table 1 Boundary conditions 
 
 Steady state Tundish operation ( homogeneous flow model) 
Inlet 
Constant velocity at inlet, 
Volume fraction of old grade throughout =1.0 
Outlet 
Pressure outlet 
Gauge pressure=0, and whole domain was filled 
with water 
Wall No slip wall with standard wall treatments 
Top 
surface 
Pressure outlet 
Gauge pressure=0 and Backflow volume 
fraction of air=1 
Predicted  results  was applied as the initial condition for 
subsequent  transient calculation 
 Tundish emptying operation ( VOF, 2 phase flow model) 
Inlet 
Pressure outlet, inlet velocity =0 
Gauge pressure=0  and backflow volume 
fraction of air=1.0 
Outlet 
Pressure outlet, Gauge pressure- Variable  
Pressure using user defined function leading to 
constant flow rate 
Wall No slip wall with standard wall treatments 
Top 
surface 
Pressure outlet 
Gauge pressure=0  and Backflow volume 
fraction of air=1 
Predicted  results  was applied as the initial condition for 
subsequent  transient tundish filling calculation 
 Tundish refilling operation ( VOF, 2 phase flow model) 
Inlet 
Fixed or variable prescribed  inlet velocity with 
volume fraction of new grade=1 
Outlet 
Pressure outlet, Gauge pressure- Variable  
Pressure using user defined function leading to 
constant flow rate 
Wall No slip wall with standard wall treatments 
Top 
Surface 
Pressure outlet, gauge pressure=0, and backflow 
volume of air=1 
 
A typical grade intermixing calculation was 
initiated by carrying out steady state computation 
of tundish hydrodynamics. A homogeneous flow 
model was used during the initial steady state 
calculation. Once convergence was achieved, 
Fluent was set to unsteady state mode without re-
initialising the existing solution and transient 
calculation was initiated by setting VOF the 
multiphase panel of Fluent on and a zero velocity 
was simultaneously applied at the flow inlet.  
Calculation was continued till a desired bath 
depth was achieved. Subsequently, refilling 
operation or a new tundish opening was 
modelled by simply changing the flow inlet 
condition. Calculation was terminated once the 
desired bath height was achieved.  During 
emptying and subsequent refilling of tundish, 
through a novel approach (see later), constant 
out- flow rate at all exits were ensured. The 
essence of the homogeneous flow and time 
dependant two phase flow calculation procedures 
is summarised in Table 1.     
3. Numerical approaches to regulate flow at 
tundish outlets  
Throughput rate is maintained using stopper rod 
in real tundish system. Stopper rod is lowered 
when bath volume increases and raised when bath 
depth decreases. To mathematically model 
stopper rod movement so as to ensure constant 
throughput during tundish emptying and refilling 
dynamic meshing approach has been popular 
among flow modellers. But this necessitates huge 
computational time. Another issue with dynamic 
meshing is the difficulty in arriving at converged 
solution. This is so since grid size in the vicinity 
of the outlet is very small and deformation in this 
zone leads to generation of negative volume in 
the cells. Apart from this, finding the velocity 
function for the stopper rod movement itself is a 
computational complex problem.  An alternative 
approach based on the divide and conquer 
algorithm [5] was developed to control flow rate at 
tundish outlet. This is briefly described below. 
Figure 2 illustrates the essence of the iterative 
flow regulating procedure developed on the basis 
of the divide and conquer algorithm. In this 
approach, pressure at outlet corresponding to 
particular bath volume is estimated through 
many exploratory calculations. Based on such 
regression models between bath height and outlet 
pressure is established. During actual grade 
intermixing computation, as the bath height 
changes, outlet pressure is dynamically altered 
and embedded into the calculation scheme 
through a UDF to ensure constant throughput 
rate. The approach is computationally less 
intensive as compared to say the dynamic 
meshing method. 
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Figure 2 A scheme of the calculation employed to 
ensure constant outflow rate during numerical 
computation of grade intermixing time 
 
4. Results and Discussion 
To demonstrate the adequacy of the calculation 
procedure, predicted bath height during tundish 
refilling is shown in Fig.3 for two different initial 
residual bath volumes. There, it is readily 
apparent that volume of liquid in the tundish 
increases (as should be the case with filling) with 
time and furthermore, the filling rates are 
constant, reflected by a perfect linear variation of 
volume and filling time.  Since in these 
calculations a constant inflow rate was applied, 
constant rate of tundish filling is a necessary and 
sufficient reflection of constant out flow rates 
from tundish exists.  
 
Figure 3 Variation of tundish bath volume as a 
function of tundish filling time with constant inflow 
rate 
Computational results shown in Fig.3 essentially 
indicates that procedure adopted to ensure 
constant throughput rate (via the divide and 
conquer algorithm) in this study is sufficiently 
accurate and robust. 
In Fig. 4, predicted concentration profile during 
grade intermixing in water model system is 
compared with equivalent experimental results. 
Reasonable agreement the two is readily 
apparent. 
 
Figure 4 Predicted variation of species concentration 
in the tundish and its comparison with physical 
modelling [2] results during grade intermixing study in 
a water model of a four strand tundish 
More comprehensive comparison is illustrated in 
Table 2.  Although the trend of prediction and 
experiments match well, at higher residual 
volumes, difference between prediction and 
experiment appear to be significant. The reason 
for such discrepancy is being analysed currently. 
Table 2 Comparison of predicted and experimental 
95% grade intermixing times for different residual 
volumes (input flow rate= 0.0004 m3/s and output flow 
rate= 0.000242 m3/s)  
Residual 
volume, m3 
Grade intermixing time, s 
Numerical model Physical model 
0.0360 598 402 
0.0297 474.1 347 
0.0234 363.4 303 
5. Conclusions 
A novel numerical procedure was developed and 
integrated into commercial software package 
Fluent to predict intermixing phenomena during 
ladle change over operations. Predictions were 
compared with equivalent experimental 
measurements and reasonable agreement 
between the two demonstrated.   
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Abstract: Steel ingot is extensively used in thermal and nuclear power plants, which is reheated in box furnace 
or soaking pit for further thermo-mechanical processing and rolling operations. The ingot heating time and 
furnace temperature profile is determined by thumb rules in most of the steel plants, which are based on time 
required per unit cross sectional area or diameter of the ingot, and also by trial and error method according to the 
experience and expertise of the plant engineers. However, ingot heating time can vary widely due to variation of 
thermal properties of steel according to Grade or composition of steel and phase transformation of steel, which 
is very difficult to predict by thumb rules. Therefore in most of the cases excess heating time is employed, 
giving rise to higher energy cost, oxidation or scale loss and lower productivity. Therefore a model based 
process analysis will significantly reduce the ingot heating time, and also reduce the chances of ingot cracking 
problems. In this project we are planning to study and develop mathematical model for the ingot heating 
process, which is highly energy intensive and critical for quality issues like ingot cracking, oxidation and scale 
loss. The problem of ingot heating becomes more critical with larger ingots required for Nuclear, and thermal 
power plants. 
 
Keywords: Ingot heating, Energy efficiency, ingot cracking, thermal homogenization. 
 
1. Introduction 
Steel Ingots are reheated in soaking pit or box 
furnace for further thermo mechanical processing 
like forging and rolling operations. Reheating 
process becomes more and more critical for high 
grade and large ingots required for nuclear, thermal 
power plants and other applications. The ingots are 
heated up to 1100C – 1250C for hot rolling and 
forging operations. Since this is high temperature 
and energy intensive process, prolonged or excess 
heating will cause productivity loss, wastage of 
energy, as well as oxidation and scale loss. 
However due to large dimension of ingots, surface 
temperature during heating can rise much faster 
than the inner core temperature, and can create 
excessive thermal stress, which may lead to ingot 
cracking and distortion further more rapid heating 
of the surface to attain the specified temperature 
without providing adequate time for thermal 
homogenization of the ingot can cause problem 
during hot rolling and forging problems. Therefore 
the aim of the ingot heating process is to avoid any 
excessive thermal stress in the ingot particularly in 
the vulnerable range like ferrite to austenite phase 
transformation temperature, and minimizing the 
time of thermal homogenization and scale loss due 
to oxidation. There are also some developments of 
transient mathematical models for a large scale re-
heating furnace using various CFD methods[1]. 
Numerical analysis of slab heating characteristics 
in a reheating furnace is used in case of 
complicated geometry. The study showed that the 
CFD simulation is used effectively to develop and 
study rolling type reheating furnace[2]. 
The present study  involves mechanical engineering 
areas like heat transfer under various industrial 
furnace conditions and metallurgical like phase 
transformation of steel during heating , which 
involves latent heat of phase transformation 
,anomalous behavior of thermal conductivity of 
steel, and oxidation and scale loss during heating 
process. 
2. Methods used for heating ingots 
The ingot is heated at a fast rate in a muffle 
furnace, and the surface of the ingot gets heated by 
thermal radiation and convection. However the 
center of the ingot is heated only by thermal 
conduction from the ingot surface to the core. 
Therefore the rate of temperature rise of the core of 
the ingot depends mainly on the thermal 
conductivity of the steel, apart from the ingot size. 
So the thermal conductivity of the steel becomes 
the critical parameter for homogenization of 
temperature between the surface and core. When 
the material is a bad conductor of heat or the ingot 
thickness is large the temperature difference 
between the surface and the core is also high and 
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more soaking time is needed for thermal 
homogenization. The thermal homogenization is 
critical in the range of phase transformation of steel 
from ferrite to austenite. For this intermediate 
holding is generally given to steel ingots in the 
range of 750C to 900C. 
For small ingots or continuous cast products like 
bar, billets and slabs, it is advantageous to use 
continuous furnace practice. Since the temperature 
difference between the surface and the core is less 
and thermal homogenization can be attained during 
the residence time of the material in the furnace, 
3. Layout and design of the set up 
The experimental set up consists of a rectangular 
muffle furnace which is rectangular horizontal 
electrically operated furnace and is wound with 
high quality wires fitted with a metallic cabinet and 
insulated with cerwool insulation .Outer metal 
cabinet is duly painted with high resistance paint. 
The unit is fitted with thermal fuse which melts and 
breaks the circuit to the heating element when 
working temperature is exceeded .Energy regulator 
is fitted for precise control. 
 
 
Figure 1 Experimental set up 
 
[Temperature reading: 950C works on 230 V AC 
single phase. Temperature controls: Pyrometer or 
digital time proportional controller. Power: 230 V, 50 
Hz, AC mains] 
4. Materials and methodology 
Muffle furnace, data logger, Mild steel ingot, and 
thermocouple. A mild steel ingot of size 14cm 
diameter and 25 cm length is taken. The ingot is 
drilled at three points one at the center and two on 
the sides of the ingot so as to measure the center 
and the surface temperature. 
The three thermocouple is then fixed at the three 
points by using plaster of paris. The ingot is now 
put inside the muffle furnace. The muffle furnace is 
having two holes. The thermocouple measuring the 
center and one of the surface is put in the center 
hole and the other in another hole. These 
thermocouple is then connected to a data logger 
through three channels. To record the furnace 
temperature another thermocouple is then 
connected from the furnace to the data logger to 
record the furnace temperature. The temperature id 
now step heated by increasing to first 891C and 
then to 951C. After about certain increase in 
temperature regular holding time is given so that 
we could minimize the center and the surface 
temperature. 
Hence various pilot experiments carried out to 
validate whether the experiment done has been 
proper. Now our ingot is ready for other processes. 
The main objective of this experiment is to equalize 
the central and the surface temperature with 
minimum loss so that energy is saved and various 
losses are minimized. 
5. Experimental results and analysis 
5.1. Heat conduction in the work piece 
Thermal properties of materials not only depend on 
temperature but also on phases like austenite and 
ferrite. Thermal conductivity of steel is one of the 
most important parameters for modeling steel 
treatment. The composition of steel also varies 
anomalously with phase transformation of steel 
from ferrite to austenite. This phenomenon has 
been accurately captured by the model developed 
by analyzing literature data[4]. 
From the above graph we see that the temperature 
difference between the center and the surface is 
gradually increasing to about 50C. In the graph we 
have an intermediate holding of 890C and then 
increased the temperature to 950C. We could infer 
the temperature difference between the surface and 
core is decreasing from 50C to 16 C after holding 
for one hour and ten minutes. Then the temperature 
is set to 950C. When the temperature becomes 
constant at 950C the gap decreases. 
5.2 Numerical methods for process simulation 
 
Heat transfer equation for solid ingot: 
 
𝜕𝑇
𝜕𝑡
= 𝐷 (
𝜕2𝑇
𝜕𝑥2
+
𝑚
𝑥
𝜕𝑇
𝜕𝑥 
+
𝜕2𝑇
𝜕𝑦2
) + 𝑆𝑝𝑇 + 𝑆𝑐  (1) 
 
This is a 2-D heat transfer equation for both 
cylindrical (m=1), Cartesian (m=0). 
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Boundary heat transfer considers heat transfer by 
radiation and convection as shown in equation 
below: 
𝑆𝑝𝑇 + 𝑆𝑐 =
ℎ
𝜌𝐶𝑝
(𝑇𝑓𝑢𝑟 − 𝑇𝑠𝑢𝑟𝑓) +  𝜎
∈/𝜌𝐶𝑝(𝑇𝑓𝑢𝑟4 − 𝑇𝑠𝑢𝑟𝑓4) 
              (2) 
The equations are solved by finite difference 
method using Crank- Nicolson technique for time 
discretization. Numerical simulation of the 
following experiment was done in Fortran 6.5. 
Parameters were kept dynamic such that by 
changing the size of the ingot, grades of steel one 
could achieve a proper solution to it. Here is the 
simulation result achieved for the mild steel that 
was taken for experimentation 
 
 
Figure 2 Modeling results of heating cycle 
 
6. Numerical Results and Discussions 
Numerical simulation of the following experiment 
was done in Fortran. Parameters were kept dynamic 
such that by changing the size of the ingot, grades 
of steel one could achieve a proper solution to it. 
The simulation result is achieved for the mild steel 
that was taken for experimentation. We observed 
that the analytical data matched quite a lot with the 
experimental results. 
When we plot a graph for specific heat (Cp) with 
temperature[5], we see that the value of specific heat 
rises slowly and gradually until the phase 
transformation. During the phase transformation 
from ferrite to austenite there is a sudden increase 
in the value of specific heat, due to latent heat of 
phase transformation. 
Moreover in the graph plotted between the surface 
temperature and the thermal conductivity we see 
that there is a decrease in thermal conductivity with 
the increase in temperature till austenitic 
temperature is reached then it slowly increases with 
temperature. 
 
Figure 3:  Numerical result analysis 
 
 
Figure 4 Variation of specific heat Cp 
 With surface temperature  
 
 
 
Figure 5 Variation of thermal conductivity with surface 
temperature 
7. Conclusion and future scope 
The model based numerical simulation and 
experimental study of the steel ingot heating 
process, is done to critically analyze the process. 
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All the important thermal parameters of steel such 
as thermal conductivity, specific heat of different 
grades of steel are evaluated by data analysis. This 
will be helpful to give proper time for a particular 
grade of steel in the ingot heating process. As we 
know that excessive time or improper heating rate 
could not only bring about wastage of energy but 
also chances of ingot cracking and other losses. 
Therefore this model based experiment would 
avoid excessive heating time that is otherwise 
employed by trial and error method or by 
experience or expertise. Hence depending upon the 
various grades or composition of the steel we can 
control the heating rate and time. This is a very 
important aspect because it not only saves energy 
but also gives high productivity. The mathematical 
optimization techniques for this ingot heating 
process would be highly beneficial in nuclear and 
thermal power plants where the problem of ingot 
heating process becomes more critical with larger 
ingots employed for commercial purposes. 
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Abstract: The transverse cracks problem in the continuously cast steel slabs is very well known in micro-alloyed 
steels. A strong relevance of hot ductility and transverse cracking has been reported in literatures. The present study 
is aimed at understanding the thermo-mechanical behaviour of E350 grade micro-alloyed steel by using deformation 
simulator (GleebleTM 3800) in order to investigate the transverse cracks problem. This work emphasizes more on hot 
ductility of steels to identify brittle ranges in the material. Flow stress measurements in compression as a function of 
temperature and strain rate and hot rolling simulations under plane strain conditions as a function of strain rate 
showed good rollability of the as-cast steel with no signs of crack formation during deformation. In addition, the 
caster operating conditions such as secondary cooling strategy are important in avoiding transverse cracking, so 
effect of cooling rate on hot ductility behaviour was investigated using continuous casting simulation methodology 
in GleebleTM. Fractography and in-detailed microstructure analysis of deformed samples at different temperatures 
revealed that formation of dendrites, pro-eutectoid ferrite film and martensite phase associated with cooling rate 
during casting are the root causes for low ductility regimes and thereby cracking of the micro-alloyed steel. 
 
Keywords: Transverse cracks, hot ductility, GleebleTM 3800, fractography  
 
1. Introduction 
Continuous casting is the manufacturing method to 
process liquid steel into cast sections owing to 
reduced operation cost and improved product 
uniformity and quality. During the production of 
continuously cast products, special attention is 
required for production of highest quality products. 
The surface and internal quality of the cast as well 
as hot rolled products is very important since hot 
charging practices and/or hot direct rolling have 
been invented; leading the organizations to work 
on it and finding the solutions for same. The 
surface quality of continuously cast steel slabs is a 
strong function of thermal and mechanical stresses 
in cast section [1-5]. Some high strength, micro-
alloyed steels are susceptible to transverse cracks, 
and lot many literatures discuss about relevance of 
hot ductility with transverse cracks. Hot ductility 
tests on the laboratory scale are very useful in 
determining crack susceptibility of steel at various 
temperatures prevailing during continuous casting 
operation. The pictorial view of transverse corner 
crack can be seen in Figures 1 and 2. A critical 
value of 30-40% RA for avoiding cracks in slab is 
suggested by Mintz et al. [6, 7]. The objective of the 
present study is to identify the temperature regimes 
of brittleness of Nb-V micro-alloyed steel. The 
present study involves flow stress measurements in 
compression as a function of temperature and 
strain rate, hot rolling simulations under plane-
strain conditions as a function of strain rate and 
study the effect of cooling rate on hot ductility 
behaviour because of secondary cooling strategy 
importance in minimizing transverse cracking. 
 
Figure 1 Transverse corner crack in a slab 
 
 
 
 
 
 
Figure 2 Transverse corner cracks in a rolled product 
440 
 
2. Material and experimental procedure 
The chemical composition of the steel under 
investigation is given in Table 1. Hot uni-axial 
compression test are widely used for the evaluation 
of materials resistance to cracking i.e. workability. 
For studying the stress-strain behavior at a strain 
rate of 5x10-3 s-1, a true strain of 0.5 was imposed 
on the longitudinal cylindrical specimens (10 mm 
X 15 mm) from top of the slab at temperatures of 
800˚C, 900˚C, 1000˚C, 1100˚C and 1200˚C. 
Further the effect of strain rate on flow behaviour 
of the steel was investigated by varying the strain 
rates i.e. 1x10-3 s-1, 1 s-1 and 10 s-1 with the strain 
of 0.5 at temperatures 900˚C and 1100˚C (Figure 
3). The longitudinal samples with the specimen 
dimensions of 10 X 15 X 20 mm3 from four 
different locations (TOP, ¼, ¾, Bottom) of the slab 
were taken for hot rolling simulation. The actual 
process parameters (final, initial thickness, 
velocity of rolls, roll radius, interpass T and 
%draft) were used to calculate true strain, 
projected length (Lp) and strain rate. The 
parameters were fed up to 10th pass due to 
equipment constraint in order to see whether the 
material is able to sustain under that load or it is 
getting cracked under these conditions. Finally, the 
cylindrical steel specimens were machined into 
121.5 mm long rods, 10 mm in diameter from 200 
mm thick slab with longitudinal axis of sample 
aligned along casting direction. The specimen 
dimensions are shown in Figure 3. The hot 
ductility behavior of the test steel was carried out 
by using GleebleTM 3800 thermal mechanical 
simulator. The test samples were obtained from 
TOP (7 No's), ¼ (12 No's) and ¾ (12 No's) 
locations in transverse direction for carrying out 
the thermo-mechanical simulation of casting 
process with different locations at two different 
cooling rates 5ºC/s and 5ºC/min.  The specimens 
were strained at 0.005 s-1 and tested from 
temperatures 600ºC to 1200ºC. The fracture 
morphology of the tensile samples was observed 
under SEM-EDS. Metallographic samples were cut 
out of the strained samples from very near to the 
fracture surface and were analyzed under optical 
microscope. 
3. Results  
The stress-strain curves were plotted for 
understanding the behaviour of material with 
varying temperature and strain rate (Figure 4).
 
 
Figure 3 Specimens details for conducting continuous casting simulation, plane strain compression and hot uniaxial 
compression in GleebleTM 3800 [9] 
 
 
 
  
15 mm 
Table1 Chemical composition of the sample (Grade E 350) used for the experiment 
      C                 Mn                       S                 P                      S i                   Al                    Ti                        V                  Nb        N2(ppm)    CE         H2(ppm) 
     0.16           1.41     0.002      0.023       0.3       0.029     0.003      0.043       0.042            48         0.406           1.62 
Figure 4 Stress-strain behavior of micro-alloyed steel as a function of test temperature and strain rate. 
1100˚C 900˚C 
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At a strain rate of 5x10-3 s-1 and strain of 0.5 it can 
be observed that the material behaves well with 
varying temperature i.e. as the temperature is 
increasing the ability to work on a material is also 
becoming easy and stress requirement is lowering 
down. In similar way, at temperatures 900˚C and 
1100˚C, strain of 0.5 and with increasing strain rate 
there is seen an increase in stress requirement. 
Hence, the material behaves well with varying 
temperature and strain rate. The simulation of hot 
rolling process and it was found shows that material 
behaves well under the used deformation cycle. 
Therefore, the flow stress measurement and rolling 
simulation indicated good rollability of the steel as 
there were no signs of cracking. Hence, there was a 
need to go through in detail analysis of cracking 
mechanisms happening during casting through 
physical simulation. Hot ductility is usually 
quantified by percent of reduction in area (%RA) at 
the fracture. The reduction in area is plotted as a 
function of temperatures as shown in Figure 5. If 
%RA is higher than 40%, hot ductility of material is 
good, i.e. the continuously cast slab do not get 
cracked easily. At a given strain rate of 0.005 s-1 and 
cooling rate of 5˚C/s, the hot ductility of steel is 
good above 950˚C, and the RA is 44% at 900˚C 
instead of low 9% RA at 800˚C. The third brittle 
zone appears in the temperature zone of 700˚C - 
850˚C. It can be observed from the curve that 
though at both the locations curve follows similar 
trend but then also there can be seen variations in 
the values of %RA. Hence, low ductility 
temperature regimes are 700°C-850°C and ̴950°C 
(Figure 6). Therefore, the straightening-bending and 
unbending should be carried out above 950°C for 
cooling rate of 5°C/s. Since the secondary cooling 
strategy plays important role in transverse cracking 
the cooling rates were varied in order to study the 
effect of cooling rate on hot ductility behaviour of 
material. The cooling rate of 5˚C/min was used and 
the samples were tested from temperature 600˚C to 
1200˚C. The two inferences can be drawn from 
Figure 6: (i) both the curves follow the same pattern 
except at 600˚C, 800˚C and 1200˚C and (ii) the 
overall hot ductility curve shifted to upper side with 
decrease in cooling rate. It means with decrease in 
cooling rate, ductility of the steel improved and low 
ductility trough regime temperature range is 
narrowed down. 
4. Discussion 
In order to evaluate the mechanism, further the 
fractured surfaces of the samples were analyzed. 
The fractographs of analyzed samples are depicted 
in Figure 7. At 1200˚C it is observed that there is no 
marked difference in %RA values and fracture 
appearance. When the fracture appearances at 800˚C 
are compared then it was found that fast cooling 
results in dendritic structure and faceted type at 
periphery whereas slow cooling leads to ductile type 
of fracture. Further, at 600˚C both cooling rates 
results in ductile type of fracture appearance with 
large amount of dimples in slow cooled sample and 
hence favoring RA% of 64%. But, the reason for 
large %RA difference was not clear from 
fractography. Hence microstructural analysis was 
performed (Figure 8). 
 
Figure 5 Effect of sample location on reduction in area as 
a function of test temperature at a cooling rate of 5 C/s 
The fracture at 800˚C showed deep dimple pattern in 
slow cooled sample. When the test temperature 
further decreased to 600˚C, shallow dimple pattern 
appeared, where the ductility is quite good (64% 
RA) due to the plastic deformation of ferrite. The 
microstructures acquired from the samples cooled 
from 1200˚C displayed martensitic structure. The 
fast cooling results in formation of relatively finer 
morphology of martensite with feathery bainite. 
When the temperature drops to 800˚C, pro-eutectoid 
ferrite film formed along the austenite grain 
boundaries with mixed microstructure (bainite and 
martensitic). At 800˚C thick pro-eutectoid film 
reduced the %RA in fast cooled sample as compared 
to slow cooled one where thin and discontinuous 
film can be seen. It is generally believed that as the 
temperature drops, the amount of pro-eutectoid 
ferrite increases and the film-like ferrite becomes 
thicker, which leads to improvement of hot ductility. 
The improvement of ductility in slow cooled sample 
at 600˚C can be clearly distinguished by the 
presence of purely ferrite-pearlite grain structure 
rather than mixed bainite and martensitic structure 
with discontinuous pro-eutectoid ferrite film in fast 
cooled sample. On the steel specimens taken from 
continuously cast slabs and tested at 800˚C, the 
narrow ferrite films, decorating the primary 
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austenite grain boundaries can be observed. Owing 
to the applied higher cooling rate, the microstructure 
of slabs besides the described ferrite film consists of 
bainite in majority of the feathery type. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Effect of cooling rate on reduction in area as a 
function of test temperature 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Optical micrographs for hot-ductility 
measurements at different temperatures & cooling rates 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Scanning Electron images of samples tested for 
hot-ductility measurements at different temperatures & 
cooling rates 
5. Conclusion 
Hot ductility study of Nb-V micro-alloyed steel in 
conjunction with detailed microstructural 
investigation was performed. The conclusions drawn 
from the present study are as follows: 
1. Flow stress measurements and plane-strain 
compression involving physical simulation of 
hot rolling indicated good rollability of the steel 
as there were no signs of cracking. 
2. Low ductility temperature regimes were found 
to be of 700°C-850 °C and ~950 °C. 
3. Significant improvement in reduction area 
(%RA) was observed at reduced cooling rates. 
4. Formation of dendrites and thick pro-eutectoid 
ferrite film along with martensite can lead to 
low ductility regimes and thereby cracking. 
5. The recovery of hot ductility from 700 °C to 
650 °C is related to the increased amount of 
ferrite phase. When the temperature is higher, 
hot ductility is significantly improved because 
of dynamic recrystallization.  
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